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Sir: 

I, MASAYUKI AMAGAI, pursuant to 37 C.F.R. § 1.132, declare that: 

1 . I received an M.D. from Keio University School of Medicine, Tokyo, 
Japan, and a Ph.D. from Keio University Graduate School of Medicine, Tokyo, Japan. 

2. I was a Visiting Research Fellow at Dermatology Branch, National 
Cancer Institute, National Institutes of Health, USA, from 1989 to 1992, and an Instructor at 
the Department of Dermatology, Ehime University School of Medicine, Japan, from January, 
1996 to July, 1996. 

3. I am currently an Assistant Professor in the Department of 
Dermatology, Keio University School of Medicine, Tokyo, Japan. 

4. I am a co-inventor of the above-identified patent application. 

5. I present this declaration to demonstrate that it is possible to practice 
my invention as taught in the above-referenced application, and furthermore, that a skilled 
scientist would be able to do so without undue experimentation. In particular, I will show 
that it is well within the ability of a skilled scientist to prepare an animal deficient in an 
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antigen related to an autoimmune disease, i.e., a "autoantigen knockout" animal, using 
routine techniques well-known in the art, and thus, having read my patent application, a 
skilled scientist would be fully able to make and use my invention as claimed. 

6. For example, the autoantigen knockout mouse line lacking desmoglein 
3 ("Dsg3"), the target antigen for pemphigus vulgaris disclosed in the working examples in 
my patent application, was prepared by a method well-known in the art (see Koch et al 9 
"Targeted Disruption of the Pemphigus Vulgaris Antigen (Desmoglein 3) Gene in Mice 
Causes Loss of Keratinocyte Cell Adhesion with a Phenotype Similar to Pemphigus 
Vulgaris," J Cell Biology 137(5):1091-1 102 (1997), attached hereto as Exhibit 1). Briefly, 
this involved creating a target vector to delete the coding sequence from the first exon of the 
Dsg3 gene by homologous recombination, thereby inactivating the gene (Id. at p. 1095, left 
col. 1st two full para.). To carry this out, a vector containing a neo-cassette was inserted in 
place of a portion of the 3 5 end of the first exon of DSG3 molecule in a mouse embryonic 
stem ("ES") cell (Id.). An ES clone with a targeted allele was injected into a mouse 
blastocyst (Id. at p. 1095, left col., 3rd full para.). Chimeric Fl mice were produced from the 
ES clone. Fl mice detected by Southern blot to be positive for the targeted mutation (i.e. , 
Dsg3+/-) were intercrossed to produce F2 mice homozygous for the mutation (i.e., Dsg3-/-) 
(Id.), mRNA, expression tests for Dsg3 and immunofluorescence western blots using 
antibodies to Dsg3 were carried out to demonstrate that the Dsg3-I- homozygous mice did not 
produce any detectable Dsg3 protein. (Id. 1095, para, bridging left and right col.). Because 
the Dsg3-/- homozygous mice produce no Dsg3 protein, they are highly suitable for use in my 
invention. 

7. The working example disclosed in my patent application is sufficiently 
illustrative such that other autoimmune/autoantigen combinations would be readily apparent 
to one skilled in the art. Furthermore, this approach is widely applicable to various antibody- 
mediated and T cell-mediated autoimmune diseases. For example, many autoimmune 
diseases were well characterized at the time of invention. Indeed, at the tune my invention 
was made, numerous autoantigens and their genes had been positively identified. Examples 
of specific autoimmune disease/autoantigen combinations known in the art at the time my 
invention was made are shown in Table 1 , attached hereto as Exhibit 2. The references listed 
in Table 1 for autoantigens are attached hereto as Exhibit 3. In addition, a knockout animal 
deficient in each of the genes described in Table 1 has been made and shown to be viable. 
The references listed in Table 1 for autoantigen knockouts (several of which were known at 
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the time my invention was made), are attached hereto as Exhibit 4. This list, while not 
exhaustive, is indicative of the advanced state of the art in autoimmune disease identification, 
as well as that of applicable knockout technology, at the time my invention was made. 

8. Furthermore, the ability to create knockout animals has been known 
and practiced for many years (see, e.g., Walinski, H. 5 "Studying Gene Function: Creating 
Knockout Mice," http://www.bioteach.ubc.ca/CellBiology/StudyingGeneFunction, attached 
hereto as Exhibit 5; Pray, L., "Refining Transgenic Mice," The Scientist 16(13): 34-36 
(2002), attached hereto as Exhibit 6; "The Life History of the Mouse in Genetics," Nature 
420:510-51 1 (2002) attached hereto as Exhibit 7, describing the history of the knockout 
mouse in the 1970's and 80's, and the significant improvements in the technology to date). 

In addition to several of the references cited above, a multitude of publications were available 
at the time my invention was made that describe, in detail, successful procedures for 
producing knockout animals (see, e.g., Smith, Christopher M., "Technical Knockout," The 
Scientist 14(15):32-34 (2000), attached hereto as Exhibit 8; Rajewsky et al 9 "Molecular 
Medicine in Genetically Engineered Animals," J Clin Invest 98(3):600-603 (1996), attached 
hereto as Exhibit 9; Wu et al, "Double Replacement: Strategy for Efficient Introduction of 
Subtle Mutations into the Murine Coll a- 1 Gene by Homologous Recombination in 
Embryonic Stem Cells," Proc Natl Acad Sci USA 91 :2819-2823 (1994), attached hereto as 
Exhibit 10; Nagy et ah, "Derivation of Completely Cell Culture-Derived Mice from Early 
Passage Embryonic Stem Cells," Proc Natl Acid Sci USA 90:8424-8428 (1993), attached 
hereto as Exhibit 1 1 ; and Orban et al, "Tissue- and Site-Specific DNA Recombination in 
Transgenic Mice," Proc Natl Acad Sci USA 89:6861-6865 (1992), attached hereto as Exhibit 
12). Rajewsky, fox example, teaches a method of producing knockout animals by 
mutagenesis that involves the use of the bacteriophage Oe-loxP recombination system to 
produce gene deletions, replacements, insertions, and even cell- and tissue-specific mutations 
that has been shown to work well in mice (see Rajewsky at 601, left col., 1 st full para.). 
Given the detailed guidance for making knockout animals that was available when my 
invention was made, combined with the high degree of success described therein, it is 
apparent that a skilled scientist would have known how to make other autoantigen donor 
animals with which to practice my invention. 

9. The production of knockout animals, mice and rats in particular, is a 
technique that is highly valuable for studying genetic function and the process of disease (see 
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Walinski, para, bridging pp. 4-5). Furthermore, given the refinement of genetic engineering 
techniques over the last 20 years, it is expected that knockout mice will continue to be an 
invaluable experimental tool in basic and applied research (Id.). 

10. Turning to the question of whether the effect of the knockout on the 
viability of the resulting phenotype creates a barrier to practicing my invention, it is clear that 
my invention is not applicable to the study of all autoimmune diseases and/or all 
autoantigens. Indeed, some autoantigen knockout animals may not be viable. However, one 
skilled in the art would readily recognize that the "antigen of an autoimmune disease" cannot 
constitute an essential protein if the knockout animal is to be viable. Furthermore, two 
generalizations have emerged from examining knockout mice: 1) knockout mice are often 
surprisingly unaffected by their deficiency, as many genes turn out not to be indispensable; 2) 
most genes are pleotropic, i.e., they are expressed in different tissues in different ways and at 
different times in development (see Kimball, J., Transgenic Animals, pg. 5 of 6, viewed April 
14, 2004 at http://users.eom/jkimball.ma.ultranet/BiologyPages/T/TransgenicAnimals.html, 
attached hereto as Exhibit 13). Thus, one skilled in the art would have a high expectation of 
producing a viable knockout animal using the techniques known in the art. Moreover, a 
skilled scientist can distinguish between operative and inoperative embodiments with only 
minimal effort. A skilled scientist would also know that the problem of lethal homozygous 
knockouts can be addressed using a modification of the CreAox recombination method, a 
technique that involves introducing a construct into the null background to rescue the 
developmental defect, but not the downstream functions of the deleted gene (see Smith at pg. 
34, para, bridging middle to right col.). In addition, because the Cre-lox system removes the 
need for the selection marker DNA sequence(s) required by the classical homologous 
recombination method of knockout production, the potential for unexpected mutant 
phenotypes can be reduced or removed by using the Cre-lox knockout production technique 
as an alternative to homologous recombination (Rajewsky at pg. 600, last full para, to top of 
pg. 601). 

1 1 . The technique of "adoptive transfer," in which immune cells from a 
donor of interest are transplanted to a host in which the immune responsiveness has been 
eliminated, is a well-known method used for the study of immune cells and of the cellular 
interactions required in an immune response (see Kuby, J., Immunology Chap. 2, pg. 24, 
Freeman and Company, New York (1992), attached hereto as Exhibit 14). The literature is 
replete with reports in which adoptive transfer has been used to transfer immune cells to a 
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host individual for immunological investigations of disease conditions and for in vivo 
therapeutic treatment. (See, e.g., abstracts of numerous articles using the adoptive transfer 
methodology from 1983 to 2001, attached hereto as Exhibit 15). Therefore, one of ordinary 
skill in the art would have been fully familiar with adoptive transfer techniques and would 
have a high expectation of success for this technique when used in accordance with the 
disclosure of my patent application. 

12. Moreover, the claimed recipient animal need not exhibit a phenotype 
corresponding to a particular autoimmune disease. Rather, all that is required by the claimed 
invention is that the recipient animal "produces an antibody reactive to the antigen protein 
and/or has activated T cells reactive to the antigen protein" (see claims 2 and 3). Therefore, 
the display of symptoms or characteristics of a particular autoimmune disease is not an 
element of the claimed invention. Rather, an essential feature of the present invention is the 
creation of an animal that produces an antibody against a self-antigen and the use of such an 
animal in the study of autoimmune conditions. Even in autoimmune diseases that involve 
multiple antigens, my invention remains applicable for producing antibodies against one or a 
few autoantigens, thereby inducing an autoimmune response against these antigens in the 
recipient. Therefore, in this respect, autoimmune animal models made according to the 
present invention would have great utility in the investigation of disease states and potential 
treatments thereof. 

13. In assessing the degree of experimentation required to practice my 
invention, it should be considered, first of all, that the preparation of knockout animals has 
reached a level of high predictability as evidenced by the availability of specific vectors 
designed for the preparation of knockouts, the rise of commercial enterprises that offer 
preparation of knockout animals on an as-needed basis (see e.g., the web pages of inGenious 
Targeting Laboratory, Inc.; genOway; and Genomatix, Ltd., offering knockout vectors and 
knockout mice and rat provider services, attached hereto as Exhibits 16-18, respectively, and 
Smith at pg. 33, "Products and Services for Knockout Technology" chart), and the numerous 
peer review journals that describe making and/or using knockout animals, including, but 
limited to, those named herein above. Secondly, it is important to note that a major hurdle in 
developing animal models of autoimmune diseases has been overcoming the self-tolerance 
component of the homeostatic system (see, e.g., Amagai et ah, "Use of Autoantigen 
Knockout Mice in Developing an Active Autoimmune Disease Model for Pemphigus," J Clin 
Invest 105(5):25-631 (2000), at pg. 625, left col., 1 st full para., attached hereto as Exhibit 19). 
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An example of this problem is provided in my patent application at Example 2, which 

> 

describes my initial failure in producing an autoimmune response using the conventional 
multiple injection technique in a wild-type {i.e., Dsg3+/+) mouse. My invention circumvents 
this long-standing problem by immunizing autoantigen knockout mice with the autoantigen, 
then transferring their splenocytes to mice that express the autoantigen. Thus, the effort in 
making an autoantigen knockout animal is offset by the tremendous advantage to be gained 
over prior art methods in using my invention for making an autoimmune model without the 
complications of antigen self-tolerance. 



invention was made as to the identification and characterization of numerous autoimmune 
diseases and the responsible autoimmune/autoantigen combinations, the availability of 
successful, predictable methods for production of knockout animals, rodents in particular, I 
believe a skilled scientist, having read my patent application, would be fully able to prepare 
or obtain, without undue experimentation, an autoimmune antigen knockout animal suitable 
for use in my invention. 



are true; and further that these statements were made with the knowledge that willful false 
statements and the like so made are punishable by fine or imprisonment, or both, under 
Section 1001 of Title 18 of the United States Code and that any such willful false statements 
may jeopardize the validity of the application or any patent issued thereon. 



14. 



Therefore, given the knowledge of a skilled scientist at the time my 



15. 



I hereby declare that all statements made herein of my own knowledge 
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Targeted Disruption of the Pemphigus Vulgaris Antigen 
(Desmoglein 3) Gene in Mice Causes Loss of Keratinocyte 
Cell Adhesion with a Phenotype Similar to Pemphigus Vulgaris 

Peter J. Koch,* My G. Mahoney,* Hiroyasu Ishikawa,* Leena Pulkkinen,* Jouni Uitto,* Leonard Shultz, § 
George F. Murphy,* Diana Whitaker-Menezes,* and John R. Stanley* 

♦Department of Dermatology, University of Pennsylvania School of Medicine, Philadelphia, Pennsylvania 19104; ^Department 
of Dermatology and Cutaneous Biology, Jefferson Medical College, Philadelphia, Pennsylvania 19107; and 5 The Jackson 
Laboratory, Bar Harbor, Maine 04609 



Abstract In patients with pemphigus vulgaris (PV), 
autoantibodies against desmoglein 3 (Dsg3) cause loss 
of cell-cell adhesion of keratinocytes in the basal and 
immediate suprabasal layers of stratified squamous epi- 
thelia. The pathology, at least partially, may depend on 
protease release from keratinocytes, but might also re- 
sult from antibodies interfering with an adhesion func- 
tion of Dsg3. However, a direct role of desmogleins in 
cell adhesion has not been shown; Tote^^ether E>sg3^ 
mediates adhesioWwe^generic^ 

nB(^hadmo^DSG3*^ 
and^ 

immunpblots. These mice were normal at birth, but by 
8-10 d weighed less than DSG3 +/- or +/+ litter- 
mates, and at around day 18 were grossly runted. We 
speculated that oral lesions (typical in PV patients) 



might be inhibiting food intake, causing this ranting. In- 
deed, oropharyngeal biopsies showed erosions with his- 
tology typical of PV, including suprabasilar acantholy- 
sis and "tombstoning" of basal cells. EM showed 
separation of desmosomes. Traumatized skin also had 
crusting and suprabasilar acantholysis. Runted mice 
showed hair loss at weaning. The mating and hair loss 
phenotype of DSG3 -/- mice is identical to that of a 
previously reported mouse mutant, balding (bal). 
.Breeding indieatedthati>a/ris coallelic .^wjiUi^^rgejed 
mutatiori. We also showed that bal mice lack Dsg3 by 
IF, have typical PV oral lesions, and have a DSG3 gene 
mutation. These results demonstrate the critical impor- 
tance of Dsg3 for adhesion in deep stratified squamous 
epithelia and suggest that pemphigus autoantibodies 
might interfere directly with such a function. 



Desmosomes are cell-cell adhesion junctions that 
| are found in epithelia and a small number of other 
tissues (for review see Schwarz et aL, 1990). These 
junctions have two basic functions: in addition to mediat- 
ing cell-cell coupling, they provide anchorage for interme- 
diate filaments via their cytoplasmic plaque and therefore 
function as organizational centers for part of the cytoskel- 
eton. Given these structural features and the abundance of 
desmosomes in certain tissues, especially in stratified squa- 
mous epithelia, it is assumed that desmosomes are critical 
in providing mechanical stability to these tissues. 



Please address all correspondence to John R. Stanley, Department of 
Dermatology, University of Pennsylvania School of Medicine, 211 CRB, 
415 Curie Blvd., Philadelphia, PA 19104. Tel.: (215) 898-3240. Fax: (215) 
573-2033. e-mail: jrstan@mail.med.upenn.edu 

G.F. Murphy and D. Whitaker-Menezes* present address is Depart- 
ment of Pathology, Anatomy, and Cell Biology, Jefferson Medical Col- 
lege, Philadelphia, PA 19107. 



Two types of transmembrane proteins, desmogleins (Dsg) 1 
and desmocollins (Dsc), are constitutive components of 
desmosomes. Both represent small families of type 1 trans- 
membrane glycoproteins (Dsgl, Dsg2, Dsg3; Dscl, Dsc2, 
Dsc3, for nomenclature see Buxton et al., 1993) that are 
sequence related to the previously characterized family of 
calcium-dependent cell adhesion molecules, the cadherins 
(Koch et al., 1990, 1991a,*>, 1992; Goodwin et al., 1990; 
Amagai et al., 1991; Collins et aL, 1991; Mechanic et al., 
1991; Nilles et aL, 1991; Parker et al., 1991; Wheeler et al., 
1991; King et aL, 1993; Theis et aL, 1993; Troyanovsky et 
aL, 1993; Schafer et al., 1994; for reviews see Koch and 
Franke, 1994; Schmidt et al., 1994). 

The members of the desmoglein and desmocollin sub- 
family of desmosomal cadherins show a tissue- and cell 



1. Abbreviations used in this paper, aa, amino acid; Dsc, desmocollin; Dsg, 
desmoglein; ES, embryonic stem; neo, neomycin resistance; PV, pemphi- 
gus vulgaris; PVA, PV antigen. 
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type-specific expression pattern (e.g., Koch et al., 1992; 
Arnemann et al., 1993; Theis et al., 1993; Schafer et al., 
1994, 1996; Schmidt et al., 1994; Nuber et al., 1995, 1996; 
Amagai et al., 1996; North et al., 1996). Some tissues, e.g., 
simple epithelia, express Dsg2 and Dsc2 only. In stratified 
squamous epithelia, however, all three desmoglein and 
desmocollin isofonns are present, although the expression 
of some of these proteins is restricted to certain strata. In 
human skin, for example, Dsgl is expressed in suprabasal 
cell layers, Dsg2 in the basal cell layer only, and Dsg3 in 
the basal as well as the immediate suprabasal cell layer 
(Amagai et al., 1996; Schafer et al., 1996). 

In this study we focused on the biological function of 
one member of the desmoglein family, Dsg3. This protein 
has been shown to be the antigen recognized by autoanti- 
bodies from patients with the disease pemphigus vulgaris 
(PV), and therefore is also referred to as PV antigen (PVA) 
(Amagai et al., 1991). 

PV is a life-threatening, autoantibody-mediated, blister- 
ing disease of the skin and mucous membranes (Stanley, 
1993a). Blisters in these patients result from loss of kerati- 
nocyte cell-to-cell adhesion in the basal and immediate su- 
prabasal level of stratified squamous epithelia. The typical 
histology of an early lesion in PV shows detachment of the 
epithelium just above the basal cells, usually with a few 
acantholytic (detached and rounded-up) cells in the blister 
cavity. There is no, or minimal, inflammation in an early 
lesion. In addition, the basal cells may detach slightly from 
one another while maintaining their attachment to the 
basement membrane, a histologic pattern referred to as a 
"row of tombstones" (Lever, 1965; also shown schemati- 
cally in Stanley, 19936). Besides the resemblance of the in- 
dividual basal cells to tombstones, this designation of the 
histologic appearance also reflected the dismal prognosis 
of the disease which, before the advent of corticosteroid 
therapy, was almost uniformly fatal. Without therapy, pa- 
tients died because these blisters rapidly lost the superfi- 
cial epithelia, resulting in large areas of erosions on mu- 
cous membranes and skin. The mucous membrane lesions 
prevented adequate food and fluid intake, while erosions 
on the skin resulted in protein and electrolyte loss as well 
as infection. Histology of older lesions shows erosions with 
inflammation (which is characteristically seen in mucous 
membrane or skin eroded from any cause, probably sec- 
ondary to infection, colonization with microbes, and/or ir- 
ritation due to loss of the barrier function) and attempts at 
reepithelialization. 

IgG autoantibodies against the cell surface of kerati- 
nocytes of stratified squamous epithelia are present in the 
skin and sera of PV patients, as detected by direct and in- 
direct immunofluorescence, respectively (Stanley, 1993a). 
These antibodies are pathogenic, i.e., they cause blister 
formation, as proven by several lines of evidence (for re- 
view see Stanley, 1990), In general, autoantibody titer, as 
determined by indirect immunofluorescence, correlates 
with disease activity. That is, the higher the antibody titer, 
the more severe the disease. Furthermore, neonatal PV 
has been reported in infants born to mothers with active 
PV. As the passively transferred maternal IgG is catabo- 
lized, the infant recovers. Similarly, PV IgG passively 
transferred to neonatal mice causes clinically and histolog- 
ically typical blisters. Finally, normal skin in organ culture 



incubated with PV IgG develops typical blisters, without 
the addition of complement or inflammatory cells. 

Screening of a keratinocyte Xgtll expression library 
with patient sera was used to isolate cDNA encoding PVA 
(Amagai et al., 1991). Analysis of the predicted amino acid 
sequence defined PVA as Dsg3 (Buxton et al., 1993). An- 
tibodies raised in rabbits to recombinant Dsg3, as well as 
patient sera, localized it, like the other desmogleins, to 
desmosomes, in particular to their extracellular face (Aki- 
yama et al., 1991; Karpati et al., 1993). Recent studies have 
shown that antibodies against the extracellular domain of 
Dsg3 can cause suprabasilar blisters in neonatal mice 
(Amagai et al., 1992) and that the extracellular domain of 
Dsg3, expressed by baculovirus in Sf9 insect cells, can ad- 
sorb out all pathogenic antibodies from PV sera (Amagai 
et al., 1994a; Memar et al., 1996). Therefore, the antibod- 
ies against Dsg3 in patient sera are pathogenic. Finally, it 
has recently been shown that Dsg3 mRNA and antibodies 
to Dsg3 in patients' sera localize in epidermis to the basal 
and immediate suprabasal layer, exactly where blisters oc- 
cur in PV (Arnemann et al., 1993; Shimizu et al., 1995; 
Amagai et al., 1996). 

It is unclear exactly how PV autoantibodies cause loss of 
cell-cell adhesion. One possibility is that Dsg3 functions in 
cell-cell adhesion in the deep stratified squamous epithe- 
lia, and that autoantibodies from PV patients might inter- 
fere with its adhesive function. However, several points do 
not support such a hypothesis. First, it has been suggested 
that PV autoantibodies do not directly cause loss of cell 
adhesion, but function through stimulating release of pro- 
teases (specifically, plasminogen activator) from kerati- 
nocytes (Schiltz et al., 1978, 1979; Farb et al., 1978; Hashi- 
moto et al., 1983, 1989; Morioka et al., 1987; Naito et al., 
1989). Furthermore, although the classical cadherins (e.g., 
E-cadherin, N-cadherin, P-cadherin) have been directly 
shown to be calcium-dependent cell adhesion molecules, 
the desmogleins have not. Expression of classical cad- 
herins in transfected L cells (mouse fibroblasts) mediates 
calcium-dependent aggregation (Nagafuchi et al., 1987). 
However, experiments with desmogleins do not show sim- 
ilar aggregation (Kowalczyk et al., 1996) nor do studies us- 
ing desmocollins (Chidgey et al., 1996). Even a chimeric 
molecule of the extracellular domain of Dsg3 with the cy- 
toplasmic domain of E-cadherin, which allows for proper 
interaction with the actin cytoskeleton through catenins 
(an interaction shown to be critical for E-cadherin func- 
tion), mediates only weak aggregation when expressed in 
L cells (Amagai et al., 19946). These studies suggest that 
Dsg3 might mediate adhesion but only does so effectively 
when organized with other desmosomal molecules. 

Another approach to investigate whether Dsg3 is impor- 
tant for adhesion of keratinocytes would be to eliminate it 
from desmosomes in tissue. Therefore, in this study we ge- 
netically engineered a mouse with a targeted disruption of 
the desmoglein 3 gene (DSG3). We hypothesized that if 
the PV autoantibodies directly interfere with an adhesion 
function of this molecule then such a mouse might have a 
phenotype resembling human disease. Our findings dem- 
onstrate that Dsg3 is critical for cell adhesion in the basal 
and immediate suprabasilar keratinocytes, especially in 
the oral mucous membrane, thereby showing a differentia- 
tion- and tissue-specific adhesion function of one of the 
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desmogleins. Furthermore, because the pathology of these 
mice strikingly resembles that of humans with PV, our 
findings are consistent with the idea that PV autoantibod- 
ies directly interfere with this adhesive function. 

Materials and Methods 

Cloning and Characterization ofl29/Sv DSG3 Gene 

We have previously cloned partial cDNAs corresponding to mouse Dsg3 
(Ishikawa et al., 1994). To initiate the cloning of the mouse DSG3 gene, 
three different cDNA probes corresponding to mouse cDNA sequences 
were used for screening of a mouse 129/Sv genomic \FixII library (Strata- 
gene, La Jolla, CA) (Sambrook et al., 1989). These three cDNAs, 413, 405, 
and 404 bp in size, respectively, corresponded to the amino-terminaJ, cen- 
tral, and carboxyl-terminal regions of the coding sequences. (These se- 
quence data are available from EMBUGenbank/DDBJ under accession 
number U86016.) A total of nine unique genomic clones were isolated and 
characterized by restriction enzyme digestions and Southern analysis with 
synthetic oligonucleotides based on exon sequences derived from the 
cDNA. The endonuclease digestion products were fractionated by elec- 
trophoresis on 1 % agarose gels, and the sizes were estimated by compari- 
son with standard DNA markers (New England Biolabs, Beverly, MA). 
Subcloning and sequencing of the genomic DNA, in comparison with 
cDNA sequences, allowed identification of the intron-exon borders. The 
sizes of the introns in the genomic DNA were determined by direct nucle- 
otide sequencing, estimated by generating PCR products using synthetic 
nucleotide primers placed on the flanking exons, or by Southern blot anal- 
ysis. (These sequence data [for exon 1/intron 1/exon 2] are available from 
EMBUGenbank/DDBJ under accession number U86015.) 

Construction of Targeting Vector 

The plasmid pPNT (Tybulewicz et al., 1991), which contains a neomycin 
resistance (neo) and a herpes simplex virus thymidine kinase (HSV-tk) 
minigene (both under the control of the phosphoglycerate kinase pro- 
moter), was used to construct the targeting vector (Fig. 1 B). DSG3 gene 
fragments were derived from two overlapping \FixII clones, both of which 
contained portions of exon 1. In the targeting vector the neo-cassette is 
flanked by a 2.1 -kb DNA fragment (5' arm, derived from ^400 bp of the 
5' end of exon 1 and ~1 .7 kb of sequences upstream of exon 1) inserted 
into the BamHI and EcoRI sites of pPNT and a 5-kb DNA fragment (3' 
arm, derived from intron 1) inserted into the Xhol and NotI sites of 
pPNT. This targeting vector, through homologous recombination with the 
DSG3 gene locus, is predicted to delete exon 1 coding sequences for 
amino acids 1-16, 164 bp upstream of this coding sequence, and ~500 bp 
of intron 1. 



^digfttgty 
^J^k^ffcimkMiee^ 

The embryonic stem (ES) cell line RW4 (Genome Systems, St. Louis, 
MO) was cultured according to the recommendations of the supplier. In a 
typical electroporation experiment, 30 jig of the NotHinearized targeting 
vector was mixed with 8 X 10 6 RW4 cells suspended in 10 mM Hepes in 
PBS, pH 7.5, and electroporaled with a single pulse (960 uF, 022 kV) us- 
ing a BioRad Gene Pulser II (Hercules, CA). Electroporated cells were 
grown on neomycin-Tesistant mouse embryonic feeder cells (MEF; Ge- 
nome Systems) in selection medium containing 220 jig/ml G418 and 2 jaM 
gancydovh- (Mansour et al., 1988) for 9 d. With procedures previously de- 
scribed (Ramirez-Solis et ah, 1992, 1993), G418/gancyclovir-resistant ES 
cell clones were cultured in duplicate; one set of cultures was frozen while 
the duplicate set was screened by Southern analysis. In the initial South- 
ern blot screening, BamHI -digested DNA was hybridized to the probe 
shown in Fig. 1 B, Out of 628 clones tested, one clone had undergone ho- 
mologous recombination (Fig. 1 C). Additional Southern blot analysis 
with additional restriction enzymes and a probe located in the DSG3 gene 
just 3' to the homologous sequences used in the targeting vector con- 
firmed the targeting event in this cell line (data not shown.). A neo-derived 
probe indicated the presence of a single copy of the neo-minigene in the 
recombinant ES cell clone (data not shown). The targeted ES cells were 
found to possess a normal male karyotype (Hogan et aL, 1994) and had no 



detectable mycoplasma infection (Mycoplasma PCR Primer Set; Strata- 
gene). The recombinant ES cells were injected into C57B1/6J blastocysts. 
Chimeric offspring were crossed with C57B1/6J mice. DNA from agouti 
offspring was prepared from tail or, if mice were killed, other organs 
(Hogan et al., 1994) and tested for the presence of the targeted allele by 
Southern blot hybridization. Mice heterozygous for the targeted mutation 
were intercrossed to obtain homozygous DSG3 mutants. 

Southern Blots 

Labeled DNA probes were synthesized using a random primer labeling 
kit with pP]dCTP (Prime-It Rmt; Stratagene). The blots were hybridized 
for 2 h at 65°C with labeled probes in "rapid hybridization buffer" (Amer- 
sham, Little Chalfont, UK). Blots were washed twice (15 min each time) 
in 2X SSC, 0.1 % SDS at room temperature and twice (15 mm each time) 
in 0.2X SSC, 0.1 % SDS at 65°C, and then exposed to X-Omat films (East- 
man Kodak Co., Rochester, NY) for autoradiography. 

Genomic DNA was extracted from 1 cm of mouse tails by digesting the 
tails overnight at 55°C in 700 \l\ tail buffer containing 50 mM Tris, pH 8.0, 
100 mM EDTA, 100 mM NaCl, 0.4 mg/ml proteinase K, and 1 % SDS. The 
lysate was extracted by phenol, 1:1 phenol/choroform, and then chloro- 
form, and DNA was precipitated with isopropanol. Genomic DNA (10-20 
jig) was digested overnight with restriction enzymes and electrophoresed 
in 0.8% agarose gels. DNA was transferred to Nytran membranes by the 
alkaline transfer method according to Schleicher and Schuell (Keene, 
NH) and was cross-linked with 120 mJ of U V light 

RNase Protection 

The following cDNAs were used to synthesize biotinylated RNA anti- 
sense and sense probes with the Biotinscript kit (Ambion, Austin, TX): 
B9 (338 bp of mouse Dsg3 cDNA starting from 63 bp upstream of the 
translation initiation site), Dsg2.mc580 (mouse desmoglein 2 cDNA, pro- 
vided by Werner W. Franke, German Cancer Research Center, Heidel- 
berg, Germany), mDsglexonlSA (mouse desmoglein 1 exon 15), and 
pTRI-B-actin (mouse 0-actin; Ambion). Tissue lysates from the skin of 
2-4-d-old pups or the tongue of adult animals were prepared (Direct Pro- 
tect; Ambion). Products of the protection assay were separated in 6% 
Tris-borate-EDTA-urea gels (Novex, San Diego, CA), and then trans- 
ferred to nylon membranes (BrightStar Plus; Ambion). Biotin-labeled 
RNA fragments were detected with a chemiluminescent detection system 
(BrightStar Biodetect; Ambion). 

Antibodies 

A rabbit antiserum was raised against a synthetic peptide, HQWG1E- 
GAHPEDKEITNIC (single letter amino acid code) (amino acids 667-6*5 
[Amagai et al., 1991]), from the "intracellular anchor" domain of Dsg3, 
coupled to keyhole limpet hemocyanin (Imject Activated Immunogen 
Conjugation Kit; Pierce Chemical Co., Rockford, IL) (Tanaka et al., 
1990). The rabbit antiserum was affinity purified on the peptide (Imrau- 
noPure Ag/Ab Immobilization Kit 2; Pierce Chemical Co.) and concen- 
trated to 03 mg/ml. On immunoblots, the resulting antibody identified the 
130-kD Dsg3, but not the 160-kD Dsgl or Dsg2, extracted from mouse 
(Fig. 2 C) or human (not shown) stratified squamous epithelia. In addi- 
tion, two sera from PV patients, Nos. 1 172 and 1409, were used to identify 
Dsg3 by immunofluorescence of mouse tissue. 

The anti-desmoglein 1 and 2 mouse mAb DG3.10 was generously pro- 
vided by W.W, Franke. We also used mAbs against desmoplakin I + II 
(Biodesign, Kennebunk, ME) and plakoglobin (15F11 generously pro- 
vided by M. Wheelock, University of Toledo, OH). 

Anti-rabbit IgG, anti-human IgG, and anti-mouse IgG antibodies cou- 
pled to fluorescent dyes (FITC, Texas red) or enzymes (HRP) were pur- 
chased from Biosource (Camarillo, CA), Bio Rad Laboratories, and Mo- 
lecular Probes (Eugene, OR). 

Immunofluorescence Microscopy 

Cryosections were fixed for 10 min in acetone or a 1:1 mixture of acetone/ 
methanol at -2CPC, and then washed in PBS. In some experiments, tissue 
samples were washed for 5 min in PBS with 1 % Triton X-100 after fixa- 
tion, followed by several washes in PBS. The tissue samples were incu- 
bated with the first antibody at the appropriate dilution in 1% BSA in 
PBS for 1 h. After washing three times for 5 min each in PBS, samples 
were incubated with a fluorescent dye-coupled antibody diluted in 1% 
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BSA/PBS for 30 min and washed as described above. Stained sections 
were examined and photographed with a BX60 photomicroscope (Olym- 
pus Corp., Lake Success, NY). 

Western Blotting 

Whole tissue extracts were prepared by homogenizing mouse tongue in ly- 
sis buffer (10 mM Tris-Hd, pH 7.4, 5 mM EDTA, 420 mM Nad, 1 % Tri- 
ton X-100, 100 tig/ml leupeptin, 0.5 raM PMSF, 50 ^g/ml aprotinin) on ice. 
The lysates were centrifuged for 10 min (4°C 16,000 g). The pellet was sus- 
pended in Laemmli buffer (Bio Rad Laboratories), incubated for 5 min at 
10CTC, and then centrifuged for 5 min at 16,000 g. The proteins from these 
supematants were separated in 8% Tris-glycine gels (Novex) and then 
transferred to nitrocellulose (Trans-Blot; Bio Rad Laboratories). The 
membranes were incubated for 1 h in blocking buffer (5% fat-free milk 
powder, 1% BSA, 0.1% Tween-20 in PBS).The first antibody (diluted in 
blocking buffer) was incubated overnight at 4°C The membranes were 
washed three times, for 15 min each, in 0.1 % Tween-2Q/PBS, and then in- 
cubated with the secondary antibody (goat anti-mouse-HRP or goat anti- 
rabbit-HRP, 1:1,000 dilution in PBS/0.1% Tween-20). The membranes 
were washed as described above. Binding of the secondary antibody was 
detected with the ECL system (Amersham Corp., Arlington Heights, 1L). 
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Histology and EM 

Paraffin-embedded, microtome-sectioned tissues were stained with hema- 
toxylin and eosin by routine methods (Lavker et aL, 1991). We used rou- 
tine, previously described methods to examine the infrastructure of le- 
sional mouse skin by transmission EM (Lavker et al., 1991). 



Detection and Verification of a DSG3 Mutation 
inbdlMice 

Information on the intron-exon organization of the mouse DSG3 gene al- 
lowed us to develop a strategy to screen for sequence variants by hetero- 
duplex analysis using conformation-sensitive gel electrophoresis (Ganguly 
et al., 1993). For heteroduplex analysis, total DNA isolated from homozy- 
gous baVbal, heterozygous balf+, or wild-type mice (+/+) was used as 
template for amplification of exons within DSG3. Oligonucleotide prim- 
ers spanning each of the 15 exons were synthesized on the basis of intronic 
sequences and used to generate PCR products spanning the exons. Specif- 
ically, to amplify exon 14 containing the mutation, the following primers 
were used: sense, 5 ' -GCCAT AGCATG AACTGTT AG-3 ' ; antisense, 5'- 
GTTGGCTTGTCTTGTG AGTT-3' . 

For PCR amplification, 250 ng of genomic DNA was used as a template 
in the amplification buffer containing 20 pmol of each primer, 100 nmol 
MgC^, 20 mmol of each nucleotide, and 2-5 U of Taq polymerase (GIBCO 
BRL, Gaithersburg, MD), in a total vol of 50 jil The amplification condi- 
tions were 94°C for 5 min, followed by 35 cycles of 94°C for 45 s, 55°C for 
45 s, and 72°C for 45 s. Aliquots of 5 yd of the PCR products were ana- 
lyzed on 2% agarose gel electrophoresis, and 10 jil of the sample was pre- 
pared for heteroduplex analysis. The PCR products demonstrating het- 
eroduplex formation were sequenced using an ABI automated sequencer. 

Since the mutation in the DSG3 gene did not create or abolish a restric- 
tion endonuclease site, its presence was verified by allele -specific oligonu- 
cleotide hybridization. The oligonucleotide probes used for hybridization 
were, for the wild-type (WT) sequence, 5 -TTGAAGGACTATGCT- 
GCGC-3', and, for the mutant (M) allele, 5'-TGAAGGACTTATGCT- 
GCGC-3'. These oligomers were end labeled with fr- 32 P]ATP and hybrid- 
ized to PCR-amplified DNAs that had been immobilized to Zetabind 
nylon membrane. Hybridizations were carried out in Sx SSPE, 0.5% SDS, 
0.1% BSA, 0.1 % polyvinyl pyrroIidone/Ficoll, at 37°C for 1 h, followed by 
washing in 2x SSPE, 0.1% SDS at S8°C Radioactive oligomer DNA hy- 
brids were visualized by autoradiography on exposure to x-ray film. 

Results 

&toningoftkem9/Sv^ 

To obtain homologous DNA sequences to target the 
DSG3 gene in embryonic stem cells derived from 129/Sv 
mice, we cloned the gene from a 129/Sv XFixII genomic li- 
brary and determined the intron-exon structure, which re- 
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Figure 7. Targeting strategy and Southern blot confirmation of 
targeted alleles. (A) Intron-exon organization of the mouse DSG3 
gene. The exons (vertical blocks) and introns (horizontal lines) are 
drawn to scale, with the exception of intron 1 that is >6 kb in size. 
(B) Targeting strategy. Vertical box indicates exon 1 (lighter 
shading indicates part of exon 1 that is deleted in targeting strat- 
egy), neo, neomycin-resistance cassette; rifc, herpes thymidine kinase 
cassette; B, BamHI sites; NotI, restriction site used to linearize 
vector, (bold horizontal lines) portions of the DSG3 gene that were 
used in targeting vector; (thickest horizontal line) pUC vector se- 
quences. Probe indicated was used in Southern blots described 
below. (Q Southern blot of DNA from wild type (+/+) and tar- 
geted (+/-) ES cell clones. DNA was digested with BamHI. Tar- 
geted allele shows a 2.7-kb band; wild-type allele shows a 9-kb 
band. (D) Southern blot of tail DNA from pups of DSG3 +/- X 
DSG3 +/- mating. -/-, both DSG3 alleles are targeted, result- 
ing in only a 2.7-kb band. +/- animals show both a recombinant 
(2.7 kb) and wild-type (9 kb) allele, whereas +/+ animals only 
show a wild-type allele. Lane C shows control ES cell DNA. 



vealed 15 exons spanning ~25 kb of DNA (Fig. 1A). The 
smallest exon (13) was 64 bp in size, while the last exon 
(15) consisted of 3,677 bp, including a segment corre- 
sponding to the 3' untranslated sequence ending at the 
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polyadenylation signal. Exon 1 contained the putative 
translation initiation codon, ATG, as well as an upstream 
5' untranslated region. 

Generation of Mice with a Targeted Disruption of the 
DSG3 Gene 

The strategy underlying the experiments described below 
was to delete the coding sequence from the first exon of 
the DSG3 gene, thereby functionally inactivating the gene. 

We constructed a targeting vector to delete, by homolo- 
gous recombination, about one-third of the 3' end of exon 
1 from one DSG3 allele in mouse 129/Sv ES cells (Fig. 1 B) 
(Horie et aJ., 1994; Thomas et al., 1992; Zhang et aL, 1994). 
This part of exon 1 was replaced by a neo-cassette in the 
recombinant locus. The deleted part of exon 1 encodes the 
first 16 amino acids (aa) of the Dsg3 signal peptide and 164 
bp upstream of this coding sequence (see above and Ish- 
ikawa et al, 1994). The next methionine in the aa se- 
quence is located at position 177 (encoded by exon 6) in 
the second extracellular domain (EC2) of Dsg3 (Ishikawa 
et al., 1994; Amagai et al., 1991). Therefore, even if the 
neo-cassette would be spliced out of a primary transcript 
generated at a targeted gene locus, the resulting mRNA 
would encode a truncated polypeptide lacking signal se- 
quences necessary for insertion into the cell membrane. 
Furthermore, the first extracellular domain of Dsg3 (EC1; 
Amagai et aL, 1991) would be missing in this polypeptide. 
Although the specific function of EC1 in desmogleins is 
unknown, it has been shown for other cadherins (e.g., 
E-cadherin) that this domain of the protein is crucial for 
homophilic interactions (Nose et al., 1990; Blaschuk et al., 
1990). 

An ES clone with a targeted allele (Fig. 1 C) was in- 
jected into C57B1/6J blastocysts and seven male chimeras 
were generated, three of which showed germline transmis- 
sion of the ES cell genome as determined by the agouti 
coat color of offspring from chimera X C57B1/6J breed- 
ings. As expected, Southern blot analysis revealed that 
^50% of the agouti animals were heterozygous (+/— ) for 
the targeted mutation. The DSG3+/— animals were 
healthy and indistinguishable from wild-type (+/+) litter- 
mates. Heterozygous mice (Fl generation) were then in- 
tercrossed to produce offspring homozygous (-/-) for the 
targeted allele. 132 pups derived from these intercrosses 
were genotyped (example in Fig. 1 D). Of those, 23% were 
+/+, 54% +/-, and 23% -/-, indicating inheritance of 
the targeted mutation according to Mendel's laws with no 
indication of significant embryonic lethality of the ho- 
mozygous state. The litter size in the F2 generation was 
normal, and, at birth, +/+, +/-, or -/- animals could not 
be distinguished by visual inspection. 

Taken together, these findings indicated that the tar- 
geted mutation did not significantly interfere with prenatal 
development. Furthermore, so far one male and one fe- 
male homozygous mutant mouse were able to breed, dem- 
onstrating fertility of the mutants. 

Mice Homozygous for the Targeted Mutation Do Not 
Synthesize Dsg3 

To demonstrate that the gene targeting resulted in a func- 
tional null mutation, we studied the Dsg3 mRNA expres- 




Figure 2. Lack of Dsg3 RNA and protein in homozygous tar- 
geted mice. (A) RNase protection assay of tongue lysates from 
wild type (+/+) and targeted (—/—) mice. (B) Immunofluores- 
cence of tongue from wild-type and targeted mice shows absence 
of Dsg3 from -/- mice, but presence of Dsg 1 and 2 (Dsgl/2 f 
identified by mAb DG3.10), and plakoglobin. The submucosa of 
-/- mice shows increased nonspecific fluorescence probably as a 
result of inflammation. (C) Western blot of tongue lysates. Dsg3 
is absent in — /— mice (arrowhead) , but Dsgl and 2 are present 
(arrow) to the same degree as in +/+ mice. Bar, 25 u,m. 



sion and protein synthesis in pups derived from inter- 
crosses between +/- animals. Dsg3 mRNA was absent in 
— /— animals, whereas the mRNA was detected in +/+ 
and +/— animals, as determined by an RNase protection 
assay. (Fig. 2 A). The levels of Dsgl and Dsg2 mRNA ex- 
pression were not affected by the targeted mutation and 
were similar in +/+, +/— , and — /— mice (data not shown). 
Immunofluorescence microscopy on tongue epithelium us- 
ing antibodies against extracellular or cytoplasmic epitopes 
of Dsg3 indicated the absence of the protein in mu- 
tants (Fig. 2 2?). Control antibodies against other desmo- 
gleins (e.g., mAb 3.10 that recognizes Dsgl and Dsg2) 
(Fig. 2 B), as well as antibodies against the desmosomal 
plaque proteins plakoglobin (Fig. 2 B) or desmoplakin 
(not shown), showed no difference in the staining patterns 
in samples derived from 47+, +/-, and mice. Fur- 
thermore, Western blot analysis of tongue extracts from 
-/— mutants demonstrated the absence of the Dsg3 poly- 
peptide but the presence of Dsgl and Dsg2, as indicated 
by mAb 3.10 (Fig. 2 Q. 

These data indicate that the targeted mutation indeed 
represented a functional null mutation. 
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Figure 3. DSG3 — /— mice 
are runts and have skin ero- 
sions and eye lesions. (A) 
DSG3 — /— mice are runts. 
Upper mouse is DSG3 -/-; 
lower mouse is a +/+ litter- 
mate. (B) Weight graph 
shows that — /— mice (open 
circles), compared with +/+ 
and +/- littermates (filled 
circles), are born with equal 
weight but by about day 8-10 
are lagging in weight gain. 
Weight loss is seen about day 
20, approximately the time of 
weaning and start of solid 
food. (Q Nipple erosions in 
a DSG3 — /— nursing mother. 
(D) Snout erosion and con- 
junctivitis in a DSG3 -/- 
mouse. 



DSG3 -/- Mice Show Loss of Keratinocyte Cell 
Adhesion Resulting in a Phenotype That Resembles 
That of Patients with PV 

Around 15-20 d after birth, -/- animals differed in size 
from +/- and +/+ animals. The -/- mutants were much 
smaller than their littermates (Fig. 3 A), Autopsies re- 
vealed a dramatic reduction in body fat in the — /— animals 
that resembles what is seen in starvation. 

Runting of the pups consistently sorted with the tar- 
geted mutation and was never observed in animals that 
were wild type or heterozygous for the mutant allele. A 
closer analysis revealed that at birth all pups showed simi- 
lar weights, but, at 8-10 d after birth, -/- animals showed 
reduced bodyweight (Fig. 3 B). In the following days, the 
mutants grew at a much slower rate than +/- and +/+ 
mice. Between days 18 and 25, the growth of -/— animals 
slowed down even more with most mutants losing weight 
and a few dying (Fig. 3 B). However, >80% of mutants 
survived and again started to gain weight, but they were 
still clearly smaller than their littermates. No significant 
weight difference between +/- and +/+ mice was ob- 
served. 

Since the most characteristic lesions in pemphigus vul- 
garis patients are painful oral erosions that may interfere 
with eating, we speculated that the DSG3 -/- animals 
might have similar lesions preventing them from feeding 
sufficiently that would, in turn, result in runting. Indeed, 



histological examination of the oral mucosa in DSG3 — /- 
mice showed a full spectrum of the types of lesions typical 
of PV. The most common lesion was an inflammatory ero- 
sion, sometimes seen with reepithelialization (Fig. 4 A). 
This is typical of a late PV blister after the superficial epi- 
dermis is lost and the resulting irritation and/or coloniza- 
tion of the erosion results in acute inflammation and loss 
of the basal cells (Fig. 4 &). Further examination showed 
intermediate lesions with the superficial epidermis lost, 
leaving the basal cells still attached to the basement mem- 
brane, but slightly detached from each other (Fig. 4 C). 
This appearance has been called the "row of tombstones" 
in patients with PV (Fig. 4 D). Finally, we could also detect 
the earliest lesion of PV in the DSG3 -/- mice, namely a 
suprabasilar split in the epithelium, with minimal inflam- 
mation (Fig. 4 E). Oropharyngeal biopsies of essentially 
all DSG3 — /— mice, examined at ages 3 d-5 mo, showed 
these changes, but DSG3 +/— and +/+ mice never 
showed them. We speculate from this data that suckling 
resulted in the trauma necessary to cause these lesions ini- 
tially, with the beginning of solid food at 16-20 d exacer- 
bating them. The resulting lesions presumably decreased 
food intake enough to result in the runting of these mice. 

Interestingly, the epidermis of these mice did not show 
extensive spontaneous lesions. However, when a female 
DSG3 — /— mouse delivered pups, their suckling caused 
erosions around the nipples (Fig. 3 C) and some mice 
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Figure 4. Histology of oral mucous membranes and skin in DSG3 -/- mice and human PV patients. (A) DSG3 -/— : inflammatory oral 
erosion of the tongue. (B) Human PV: inflammatory oral erosion. (C) DSG3 -/-: oral lesion shows basal cells are separated from each 
other and the suprabasilar epithelium is lost. This is a characteristic histology called a "row of tombstones." (D) Human PV: oral lesion 
shows a "row of tombstones." (E) DSG3 -/-: early oral lesion shows suprabasilar acantholysis with intact suprabasilar epithelium sep- 
arated from basal cells. (F) DSG3 -/— : early skin lesion on dorsum of foot near where skin was traumatized by cutting. (G) Human PV: 
skin lesion shows typical suprabasilar acantholysis. Ban (A and B) 160 ^m; (C-G) 40 ^m. 



showed crusting on the skin around the eyes and snout 
(Fig. 3 /)), areas that are normally traumatized by scratch- 
ing. Histology of traumatized skin also showed typical su- 
prabasilar blisters (Fig. 4 F), similar to the histology of 
skin lesions in pemphigus vulgaris patients (Fig. 4 G). 
Some DSG3 -7— mice also showed suppurative conjunc- 
tivitis (Fig. 3 D) with suprabasilar blisters of eyelids and 
mucocutaneous conjunctiva, similar to what has been re- 
ported in patients (Hodak et al., 1990). 

Among the other stratified epithelia examined, only the 
vaginal epithelium of a DSG3 -/- mouse showed supra- 



basilar blistering. Histology of the esophagus, the cardiac 
portion of the stomach, and the thymus (for Dsg3 expres- 
sion in thymus see Schafer et al., 1994) revealed no abnor- 
malities. 

EM of nonlesional epidermis and lingual mucosa in 
DSG3 -7- mice showed normal differentiation. Desmo- 
somes were present, and individual desmosomes appeared 
indistinguishable from those of unaffected littermates: 
both had well-defined membrane lipid bilayers, intracellu- 
lar dense plaques anchored to aggregated intermediate fil- 
aments, and extracellular domains with typical central, 
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Figure S. Infrastructure of lesional posterior lingual epithelium in DSG3 — /— mice. (A) An edge of a blister cavity, denoted by W C W in a 
DSG3 — /— mouse. The base is formed by a single layer of basal keratinocytes with a characteristic "tombstone" cytoarchitecture. The 
roof consists of intact suprabasal epithelium with occasional associated acantholytic keratinocytes (*). (B) Blister in a DSG3 — /— mouse 
shows separation of desmosomes which form half-desmosomes (double arrows) with tonofilaments still attached. (C) Higher magnifica- 
tion of a half-desmosome shows an intact intracytoplasmic dense plaque and its associated tonofilaments. There is residual flocculent 
material (arrowheads) along the cell membrane. (D) Desmosome in DSG3 +/+ littermate. (£) Desmosome in DSG3 — /— mouse has 
normal appearance. (F) Hemidesmosome in DSG3 +/+ littermate. (G) Hemidesmosome in DSG3 -/- mouse shows normal appear- 
ance. Bars: (A) 10 yun; (B) OS jim; (C-G) 50 nm. 



electron-dense disks formed by flocculent material (Fig. 5, 
D and £). The extracellular domains were consistently 20- 
25 nm thick in both control and affected animals. Our gen- 
eral impression was that the number of desmosomes in 
DSG3 — /— mice may have been diminished focally along 
the lateral and apical surfaces of basal cells, but, as a result 
of the focal nature of this finding, we could not quantitate 
it convincingly. EM of lesions in DSG3 — /— mice showed 
cellular detachment primarily at the apical and lateral sur- 
faces of the basal cells (Fig. 5, A and B), Accordingly, the 
acantholytic cleft was formed as a result of separation of 
basal cells from suprabasal cells and from each other at the 
cell membranes. Hemidesmosomes were structurally nor- 
mal (Fig. 5, Fand G). Separated acantholytic cells retained 
"half" desmosomes, containing the intracytoplasmic dense 
plaque with attached intermediate filaments, along the 
plasma membrane that abutted the cleavage plane (Fig. 5 
C). These half desmosomes contained a finely flocculent 
material (i.e., desmoglea) on their extracellular surface. 
These residual half desmosomes were particularly promi- 



nent along the apical surfaces of basal cells and tended to 
aggregate and coalesce. Individual intact desmosomes di- 
rectly adjacent to acantholytic areas appeared normal. 

An additional, and unexpected, phenotype developed at 
around the time of weaning (3-4 wk after birth) in DSG3 
-/- mice. They started to lose their hair and developed 
completely bald areas, first on the forehead, and then pro- 
ceeding onto the entire back (Fig. 6 A). This phenomenon 
was observed whether the mutants were housed in groups 
or alone. The ventral coat at this age seemed thin but basi- 
cally intact. New hair regrowth started from the head to 
the back. These cycles of hair loss and regrowth occurred 
repeatedly, but after two to three cycles they lost the head 
to tail synchronization and occurred as bald patches with 
regrowth, involving both the ventral and dorsal coats. As 
hair loss is not a major finding in PV patients, this pheno- 
type either is specific for a genetic loss of Dsg3 or is pecu- 
liar to mice as opposed to humans. 

There were no phenotypic abnormalities of any kind ob- 
served in DSG3 +/- mice. 
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Figure 6. Analysis of balding mice compared with DSG3 -/- 
mice. (A) Balding phenotype of a 1 -mo-old DSG3 -/- mouse 
compared with a normal littermate (above). (B) Histology of an 
oral mucosal blister in a ballbal mouse shows suprabasilar acan- 
thosis. (C) Immunofluorescence of ballbal tongue shows no 
Dsg3 compared with control littermate. (D) RNase protection as- 
say of tongue lysates demonstrates that ballbal mice synthesize 
DSG3 mRNA, as compared with DSG3 — /- mice that do not. 
Note that DSG3 +/- mice demonstrate about half of the mRNA 
of wild-type mice. 



Balding (bal) Mice Have the Same Phenotype as DSG3 
— /- Mice and Have a Nidi Mutation in the DSG3 Gene 

The phenotype of runting and hair loss around the time of 
weaning seen in the DSG3 — /— mutants has been de- 
scribed in mice with a spontaneous mutation termed bal 
(Sundberg, 1994). This recessive mutation has recently 
been mapped to a position close to the DSG3 locus on 
mouse chromosome 18 (Davisson et al., 1994). We there- 
fore speculated that bal might be a DSG3 null mutation. 

Histological analysis revealed the presence of suprabasi- 
lar blisters on the tongue of ballbal mice, indistinguishable 
from those found in our DSG3 -/- mice (Fig. 6 B). These 
lesions were never found in ball+ or +/+ littermates. 

We then determined whether the balding mutation and 
our targeted mutation were coallelic. A mouse heterozy- 
gous for the targeted mutation (DSG3 +/-) was bred to a 
mouse heterozygous for the bal mutation {ball+). Two of 
the seven pups obtained from these crosses were runts. 
Furthermore, histological analysis demonstrated the pres- 
ence of multiple lesions in the oropharynx of the runts 
(but not the normal size littermates) with the typical FV- 
like morphology (data not shown). By Southern blot anal- 
ysis, we showed that one runt possessed a targeted DSG3 
allele, and mutation analysis (see below) demonstrated the 
presence of the heterozygous balding mutation as well 
(data not shown). Additionally, at the time of weaning, 
these runts lost their hair in a pattern identical to that de- 



Figure 7. Analysis of the DSG3 mutation in balding mice. (A) 
Heteroduplex analysis of a 400-bp segment of PCR-ampiified 
mouse DSG3, containing exon 14 and flanking intronic se- 
quences, revealed heteroduplex bands in case of a heterozygous 
baU+ mouse (lane 2), while control mouse (lane /) and a ho- 
mozygous ballbal (lane 3) showed a homoduplex band only. (B) 
Direct nucleotide sequencing of DNA shown on lane 2 in A re- 
vealed a heterozygous 1-bp insertion, 2275insT, which resulted in 
frame-shift {upper panel), in comparison with normal sequence in 
DNA obtained from a control mouse shown on lane 7 in A (lower 
panel). Sequencing of DNA on lane 3 revealed that ballbal mouse 
was homozygous for the 2275insT mutation (middle panel). (Q 
Allele-sperifjc oligonucleotide hybridization (ASO) was used to 
verify the presence of the mutation in balding mice. Specifically, 
PCR-ampiified DNA from the control mouse hybridized with the 
wild-type oligomer (WT) only (lane /), while homozygous ballbal 
mouse hybridized with tie mutant (M) probe only (lane 3). DNA 
from bal/+ mouse hybridized with both the WT and M probes, 
indicating that these mice were heterozygous for the mutation 
(lane 2). 



scribed above for the mice with the targeted DSG3 muta- 
tion. We conclude that the runt had inherited the targeted 
allele from one parent and the bal mutation from the 
other, and developed the same phenotype as DSG3 — I— 
and bal/bal mice. These data demonstrate that the tar- 
geted mutation and the balding mutation are coallelic. 

Further analysis of the balding mice by immunofluores- 
cence microscopy on tongue epithelium from mice het- 
erozygous (bal/+) and homozygous (bal/bal) for the bald- 
ing mutation was done using antibodies against extracellular 
and intracellular epitopes of Dsg3. Whereas balf+ epithe- 
lium clearly stained with these antibodies, no staining was 
observed in the ballbal epithelium (Fig. 6 Q. Control anti- 
bodies against desmoglein 1 and 2, desmoplakin and pla- 
koglobin stained both ball+ and ballbal epithelia equally 
well (data not shown). However, using an RNase protec- 
tion assay, we were able to detect a transcript derived from 
the DSG3 locus (Fig. 6 D). Given the fact that we did not 
detect Dsg3 by immunofluorescence analysis, we hypothe- 
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sized that a mutation within the DSG3 gene of the baUbal 
mutants leads to a transcript that is either not translated or 
that directs the synthesis of a truncated polypeptide that is 
rapidly degraded. We therefore screened the DSG3 gene 
for putative mutations by heteroduplex analysis. Band 
shifting of PCR products derived from exon 14 of the obli- 
gate heterozygous baU+ mouse suggested the presence of 
a mutation in the DSG3 gene (Fig. 7 A). Sequence analysis 
of this aberrant PCR fragment identified heterozygous in- 
sertion of a thymidine residue at a position that would cor- 
respond to nucleotide 2,418 in the human cDNA (Amagai 
et al., 1991), as determined by the nucleotide and aa ho- 
mology in this region with the mouse sequence (Fig. 7 #). 
This insertion causes a frame-shift resulting in a premature 
stop codon 78 bp downstream from the site of insertion. 
The baUbal mouse was homozygous for the insertion (Fig. 
7 B). The presence of the insertion mutation was verified 
by allele-specific oligonucleotide hybridization (Fig. 7 C). 
By homology to the reported human sequence, the mu- 
tated transcript would encode a polypeptide that lacks 
most of the intracellular domain of Dsg3 (after aa 778 
[Amagai et al., 1991]), in particular the amino acid se- 
quence to which plakoglobin binds (Mathur et al., 1994; 
Troyanovsky et al., 1994; Roh and Stanley, 1995; Chitaev 
et al., 1996; Kowalczyk et al., 1996). The fact that the Dsg3 
antibodies used in this study (e.g., those that bind extracel- 
lular epitopes and an intracellular epitope encoded up- 
stream of the frame-shift mutation) did not stain baUbal 
epithelium strongly suggests that a truncated Dsg3 poly- 
peptide, if synthesized in these mice, is not inserted into 
the plasma membrane and/or is rapidly degraded. 

Both the absence of Dsg3 immunostaining and the pres- 
ence of suprabasilar blisters indicate that the balding 
mouse represents a functional DSG3 null mutation. 

Histology of the bald area in DSG3 mice shows 
slightly cystic telogen hair follicles that lack a hair shaft 
(Fig. 8). Further detailed analysis will be needed to deter- 
mine the exact cause of this hair loss. 

Discussion 

It has proven difficult, using in vitro methods, to demon- 
strate whether desmogleins mediate cell adhesion because 
they normally are organized in the desmosome with multi- 
ple other proteins that may affect their function. A direct 
way to analyze their function in vivo is to determine what 
happens to cell adhesion if one desmoglein is eliminated. 
We therefore genetically engineered a mouse with a tar- 
geted disruption of DSG3. 

The phenotype of this mouse resembled in many, but 
not all, ways that of patients with PV who have autoanti- 
bodies directed against DSG3. Painful oral mucous mem- 
brane erosions resulting from suprabasilar acantholysis 
are the most characteristic lesions of PV (Lever, 1965). Pa- 
tients often present with oral mucous membrane lesions, 
and these may persist, without skin lesions, for months. 
Some patients only have oral lesions. Patients may lose 
weight and become dehydrated because these painful le- 
sions often interfere with normal food and fluid intake. 
Similarly, the major lesions in DSG3 — /— mice were oral 
mucous membrane erosions. As in PV patients, early le- 
sions showed suprabasilar acantholysis with later lesions 




Figure 8. Histology of bald back skin from a 24-d-old DSG3 -/- 
mouse. Note dilated telogen hair follicle containing a clump of 
pigment but no hair shaft. Bar, 35 \im. 



showing inflammatory erosions. We presume that these le- 
sions interfered with oral intake, as these mice, which were 
born with normal weights, became runts once they relied 
on oral intake for food. We noticed individual variations in 
the severity of the mutant phenotype; i.e., a few animals 
died whereas most reached adulthood. These variations 
were not unexpected and might be, at least in part, due to 
the presence of "modifier genes" in this outbred line. Fi- 
nally, electron microscopic analysis of a blister in DSG3 -/- 
mice reveals very similar findings to those of patients' lesions. 
In both, separating desmosomes are seen, with acantholytic 
cells showing single attachment plaques to which tonofila- 
ments insert (Lever, 1979). 

Unlike some patients, these mice did not develop exten- 
sive spontaneous skin lesions, but did develop some 
crusted lesions around the eyes, on the snout, and on the 
nipples of a nursing mother, resulting presumably from 
trauma. The skin and mucocutaneous junction of the eye- 
lids also showed histologically typical pemphigus lesions as 
did some biopsies near the edges where skin was trauma- 
tized in cutting. An analogous phenomenon, called the Ni- 
kolski sign, occurs in patients with active PV in whom rub- 
bing on normal skin may cause erosions with resultant 
crusting (Lever, 1965). The findings of conjunctivitis and 
PV-like lesions in the eyes of DSG3 -/- mice have also 
been reported in patients (Hodak et al., 1990). 

The fact that skin of mice is very different from that of 
humans, with many more hair follicles, may account for 
the finding that most skin areas in mice do not develop ex- 
tensive erosions. Furthermore, mice may not develop skin 
erosions as extensive as those sometimes seen in humans 
because, as discussed in the Introduction, autoantibody 
binding to human skin might stimulate release of pro- 
teases that could amplify blister formation. In addition, 
the hair phenotype of these mice may be a reflection of the 
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difference in hair in rodents and humans, as humans with 
PV usually do not develop a balding phenotype. Prelimi- 
nary analysis of the hair phenotype in these mice shows a 
normal first hair cycle but loss of hair after this cycle. In 
bald areas, histology of the skin reveals dilated telogen fol- 
licles lacking a hair shaft. Previous analysis of balding mice 
has shown necrosis immediately above the hair matrix 
leading to some scattered generalized follicular necrosis 
(Sundberg, 1994). Additional analysis will be required to 
better define the pathophysiology of hair loss in these 
DSG3 -/- and balding mice. 

Moreover, considering the major difference in mouse 
and human stratified squamous epithelia and adnexal 
structures, it is remarkable how similar the phenotype of 
DSG3 -/- mice is to PV patients. 

The phenotype of Dsg3 -/- mice is quite different from 
that of a recently described transgenic mouse that ex- 
presses an amino-terminal deleted Dsg3 under the control 
of the K14 promoter (Allen et al., 1996). The transgene 
used consisted of the cytoplasmic and transmembrane do- 
main as well as part of the extracellular domain of Dsg3 
and was expressed mainly in the lower layers of the epi- 
dermis. The transgenic mice, thought to express a domi- 
nant negative effect of the truncated Dsg3, showed swell- 
ing of paws and digits, focal flakiness of the skin, and 
necrotic changes on the tips of the tails that ultimately re- 
sulted in tail degeneration. Furthermore, histological anal- 
ysis revealed epidermal thickening and widening of the in- 
tercellular space between keratinocytes but did not show 
loss of cell-cell adhesion (i.e., acantholysis). At the ultra- 
structural level, a reduction in the number of desmosomes 
and the occurrence of aberrant desmosomes were re- 
ported. Although these mice were noted to have a wet and 
matted hair coat (probably because of excess grooming), 
they did not show an obvious loss of hair. Our DSG3 — /— 
mice clearly had a different phenotype and distinct histo- 
logic and ultrastructural abnormalities. DSG3 -/— mice 
did not show any tail abnormality and did not have flaky 
skin, but they developed crusted erosions in areas of 
trauma. They also had a striking balding phenotype. Histo- 
logically these mice showed obvious acantholysis. Finally, ul- 
trastructurally, the DSG3 — /— mice showed normally ap- 
pearing desmosomes in intact skin and "half '-desmosomes 
where cells were acantholytic. We conclude from these dif- 
ferences between the transgenic and DSG3 -/- mice that 
the truncated Dsg3 did not act in a dominant negative 
fashion to totally inactivate DSG3 function. 

The phenotype of DSG3 knockout mice underscores the 
importance of Dsg3 for cell adhesion and mechanical sta- 
bility in the deepest layers of stratified epithelia. The other 
transmembrane adhesion molecules present, such as Dsg2, 
desmocollins, E-cadherin, and P-cadherin, apparently can- 
not compensate for the loss of Dsg3. In addition, Dsg3 
seems to be particularly important for adhesion in the oral 
mucous membrane, where lesions always occurred in 
DSG3 — /— mice, and less so in other stratified squamous 
epithelia such as esophagus where lesions were never seen. 
The importance of Dsg3 in skin seems intermediate be- 
cause lesions were mainly seen secondary to trauma. 
These studies, then, show that specific desmogleins may 
have tissue- and differentiation-specific adhesion functions. 

Finally, the phenotype of the Dsg3 knockout mice not 



only demonstrates the importance of Dsg3 for cell adhe- 
sion in the deep stratified squamous epithelia, but also is 
consistent with the idea that, at least in part, PV autoanti- 
bodies cause loss of cell adhesion by directly interfering 
with the adhesive function of Dsg3. 
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TABLE 1 



Autoimmune Disease 


Autoantigen 


Autoantigen Reference 


Knockout Reference 


Autoimmune 
Polyglandular 
Syndrome Type 1 


P450 1A2 


Clement et al., J Clin. 
Endocrinol. &Metabol. 
82:1353-1361 (1997) 


Liang et al., Proc. Natl 
Acad. Sci. USA 
93:1671-1676(1996) 


Halothane Hepatitis 


P450 2El 


Eliasson et al., Mol. 
Pharmacol. 50:573-582 
(1996) 


Lee et al., J. Biol. 
Chem. 271: 12063- 
12067 (1996). 


Autoimmune 

Polyendocrine 

Syndrome 


Tryptophan 
hydroxylase 


Ekwall et al., Lancet 
352:279-283 (1998) 


Walther et al., Science, 
299:76 (2003) 


Celiac Disease 


Tissue trans- 
glutaminase 2 


Dieterich et al., Nat. Med. 
3:797-801 (1997) 


Laurenzi et al., Mol. 
Cell. Biol. 21:148-155 
(2001) 


Systemic Lupus 
Erythematosus 


Ro 


McCauliffe et al., J. 
Invest. Dermatol. 
100:73S-79S (1993) 


Xue et al., Proc. Natl. 
Acad. Sci. USA 
100:7503-7508 (2003) 


Insulin-dependent 
Diabetes Mellitus 


Islet cell auto- 
antigen 69 
(ICA69) 


Pietropaolo et al., J. Clin. 
Invest. 92:359-371 (1993) 


Winer et al., J. 
Immunol. 168:475-482 
(2002) 


Insulin-dependent 
Diabetes Mellitus 


IA-2 


Lan et al., Proc. Natl. 
Acad. Sci. USA 93:6367- 
6370 (1996) 


Saeki et al., Diabetes 
51:1842-1850(2002) 


Insulin-dependent 
Diabetes Mellitus 


GAD65 


Kaufman et al., J. Clin. 
Invest. 89:283-292 (1992) 


Asada et al., Biochem. 
Biophys. Res. Commun. 
229:891-895(1996) 


IgA Pemphigus 


Desmocollin l 


Hashimoto et al., J. Invest. 
Dermatol. 109:127-131 
(1997) 


Chidgey et al., J. Cell 
Biol. 155:821-832 
(2001) 


Stiff-Man Syndrome 


Amphiphysin 
l 


De Camilli et al., J. Exp. 
Med. 178:2219-2223 
(1993) 


Di Paolo et al., Neuron 
33:789-804 (2002) 


Rasmussen's 
Encephalitis 


GluR3 


Rogers et al., Science 
265:648-651 (1994) 


Meng et al., Neuron 
39:163-176(2003) 
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ABSTRACT 

Autoantibodies directed against proteins of the adrenal cortex and 
the liver were studied in 88 subjects of Sardinian descent, namely six 
patients with autoimmune poly endocrine syndrome type 1 (APSl), 22 
relatives of APSl patients, 40 controls with other autoimmune dis- 
eases, and 20 healthy controls. Indirect immunofluorescence, using 
tissue sections of the adrenal cortex, revealed a cytoplasmatic stain- 
ing pattern in 4 of 6 patients with APSl. Western blotting with 
adrenal mitochondria identified autoantigens of 54 kDa and 57 kDa, 
Western blotting with placental mitochondria revealed a 54- kDa au- 
toantigen. The 54- kDa protein was recognized by 4 of 6 patients with 
APSl both in placental and adrenal tissue, whereas the 57-kDa pro- 
tei n was detected only by one serum. Using recombinant preparations 



AUTOIMMUNE polyendocrine syndrome type 1 (APSl) 
is a rare autosomal recessive disorder characterized 
by a variable combination of disease components (1-3). The 
first clinical manifestation of APSl usually occurs in child- 
hood, and progressively new components appear through- 
out life, the majority (63%) of the patients suffering from 
three to five of them (2). The most frequent components in 
APSl are chronic mucocutaneous candidiasis, hypoparathy- 
roidism, adrenocortical failure, and gonadal failure in fe- 
males (2, 3). Hepatitis is a serious, but less frequent, disease 
component (1-3). Defects in immunoregulation were sug- 
gested to play a role in the disease mechanism, and the 
presence of organ-specific autoantibodies was demonstrated 
repeatedly (4-12; also see Ref. 14)- 

Recently, progress was made in the study of APSl -related 
Addison's disease, which affects more than 60% of APSl 
patients (1-3). Adrenal autoantigens in APSl are cyto- 
chromes P450 cl7, P450 sec, and P450 c21, which are all 
enzymes involved in steroidogenesis (5-13). P450 c21 is re- 
ported to be present in the adrenal cortex; expression of P450 
cl7 is found in adrenal tissue and steroid-producing cells of 
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of cytochrome P450 proteins, the autoantigens were identified as 
P450 sec and P450 cl7. 

One of six APSl patients suffered from chronic hepatitis. In this 
patient, immunofluorescence revealed a centrolohular liver and a 



testis and ovary; and P450 sec is expressed in adrenals, go- 
nads, and placenta (8). It was shown previously that autoan- 
tibodies directed against the adrenal cortex alone correlate 
with a high risk of adrenocortical failure, and antibodies 
directed against steroidal cells in females, in addition, cor- 
relate with a high risk of ovarian failure (14). 

Chronic hepatitis is a serious disease component present 
in 10-18% of patients with APSl (1-3), and occasional 
deaths related to hepatitis are reported in APSl (2, 15). 
However, hepatitis as a disease component of APSl still is 
poorly investigated. Autoantibodies associated with au- 
toimmune hepatitis as part of APSl were not described 
before, and the corresponding antigens accordingly re- 
mained unidentified. 

Here we report the characterization of six patients with 
APSl and confirm P450 sec and P450 cl7 as adrenal autoan- 
tigens in APSl in patients from Sardinia. We present the first 
characterization of hepatic autoantibodies in patients with 
APSl and the molecular identification of a hepatic autoan- 
tigen in APS 1. The molecular target, cytochrome P450 1 A2, 
is different from the targets of LKM1 and LKM3 autoanti- 
bodies that are found in autoimmune hepatitis type 2. Po- 
tential diagnostic consequences of this finding are discussed. 

Subjects and Methods 

Patients 

We studied six patients with Al'Sl (Table 1). Patient 1 suffered from 
liver disease. Patient 1 is female and lacks markers for hepatitis B, C, and 



proximal renal tubule staining pattern. Western blots using micro- 
somal preparations of human liver revealed a protein band of 52 kDa. 
The autoantigen was identified as cytochrome P450 1A2 by use of 
recombinant protein preparations. P450 1A2 represents the first he- 
patic autoantigen reported in APSl. P450 1A2 usually is not detected 
by sera of patients with isolated autoimmune liver disease a nd might 
be a hepatic marker autoantigen for patients with A PSl. ((J Clin 
Endocrinol Metab 82: 13^^-1361, 1997) 
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D viruses and HIV. Serum ceruloplasmin and a-1 antitrypsin levels are 
normal. She presented at the clinic at the age of 6yr with acute hepatitis 
that subsequently turned chronic. Four years after the onset of hepatitis, 
she developed adrenal failure and chronic mucocutaneous candidiasis. 
A percutaneous liver biopsy revealed the histologic picture of chronic 
active hepatitis. 

We also studied sera of 22 firsNdegree relatives of APS1 patients, 
of 40 patients with other autoimmune diseases (namely 1 with iso- 
lated Addison's disease, 10 with Hashimoto disease, 10 with insul in- 
dependent diabetes mellitus (IDDM), 3 with IDDM and celiac disease, 
4 with autoimmune hepatitis type 1 and type 2, 10 with chronic 
hepatitis C virus, 1 with primary billiary cirrhosis, 1 with systemic 
lupus erythematosus) and of 20 healthy controls (Table 2). All subjects 
were of Sardinian descent. As shown in Fig. 1, the 6 APS1 patients 
belong to 5 different families. In family 3 and in family 5, 1 sister 
affected by AFS1 died of acute adrenal failure (at 8 yr old and 15 yr 
old, respectively). None of the other 22 relatives had evidence of an 
autoimmune disorder. 



Materials 

Human liver tissue was obtained during liver transplantation from 
a patient's liver that was removed because of hepatocellular carcinoma. 
The tissue otherwise would have been discarded. 

For the immunofluorescence studies, a goat antihuman IgM, IgG, IgA 
polyclonal FITC-conjugated antiserum was used (Dianova, Hamburg, 
Germany). The antibody used for Western blots was an alkaline phos- 
phatase conjugated anti-IgG, IgA, and IgM antiserum (Dianova). The 
complementary DNA (cDNA) construct pBS/1 A2, used for subcloning 
the cDNA of P450 1 A2, was provided by one of us (R. H. Tukey, UC San 
Diego). The cDNA constructs, pUC18-scc and PUC 18-cl7, containing 
the cDNAs of P450 sec and P450 cl7, were a kind gift of Walter Miller, 
UC San Francisco (16, 17). The DH5o FIQ cells were from CIBCO-BRL 
(Eggenstein, Germany). 

Nitix>bIuetetrazoliumchloride/5-bromo-<:hloro-3 indolyl phosphate 
substrates and isopropylthiogalactoside (IPTG) for bacterial induction 
were from Promega (Madison, WI). Vectors for the expression of bac- 
terial proteins were from the pQE 30 series of Quiagen (Hi Id en, Ger- 



TABLE 1. Disease components and analytical results of six patients with APS1 



Patients 


Disease components in 
APS1 


IF 

Adrenals 
(Human) 


WB 
Adrenal 
mitoch. 
(Human) 


WB 
Placental 
mitoch. 
(Human) 


WB 
P450 sec 


WB 
P460 cl7 


IF 
Liver 
(Rat) 


IF 

Kidney 
(Rat) 


WB 
Liver 
micros. 
(Human) 


WB 
P4501A2 


Patient 1 


M. candidiasis 






















Addison's disease (11) 


1:40 


54 kD 


54 kD 


+ 




1:1000 


1:320 


52 kD 


+ 




Chronic hepatitis (15) 






















Pernicious anemia 




















Patient 2 


M. candidiasis 
Hypoparathyroidism 
Addison's disease (8) 


1:1000 


54 kD 
57 kD 


54 kD 


+ 


+ 










Patient 3 


Hypoparathyroidism 




















Patient 4 


M. candidiasis 
Hypoparathyroidism 
Addison's disease (7) 
Fat malabsorption 
Poly neuropathy 


1:1000 


54 kD 


54 kD 


+ 












Patient 5 


M. candidiasis 
Hy poparathyroidism 
Addison's disease (19) 
Pernicious anemia 


1:40 


54 kD 


54 kD 


+ 












Patient 6 


M. candidiasis 
Hypoparathyroidism 
Addison's disease (7) 





















Listed in parentheses in the column of disease components is the time interval between the Grst occurrence of chronic active hepatitis or 
Addison's disease and the time point of blood sampling. M. candidiasis, mucocutaneous candidiasis; IF, indirect immunofluorescence; WB, 
Western bloL 



TABLE 2. Diseases and analytical results of the control subjects 



Addison's 
disease 



IDDM 



IDDM 
& celiac 
disease 



Hashimoto's 
disease 



AIH 



HCV 



PBC 



SLE 



APS1 
Relatives 



Healthy 
controls 



No. subjects 

IFAVB human adrenals 

IF rat liver/kidney 

LKM 

SMA(F-actin) 

ANA 

AMA 

WB human liver microsomes: 

LKM (50 kDa) 

LKM (50 kDa + 08 kDa) 

WB-P450cl7 

WB — P450 sec 

WB-P450 1A2 



10 



10 



10 

2 
5 



22 



20 



IDDM, Insulin-dependent diabetes mellitus; AIH, autoimmune hepatitis; HCV, hepatitis C virus; PBC, primary biliary cirrhosis; SLE, 
systemic lupus erythematosus; I FJndirect immunofluorescence; WB, Western blot; LKM, liver kidney microsomal autoantibodies; SMA, smooth 
must:)** antibodies; ANA, anli nuclear antibodies; AMA, ant i mitochondrial antibodies. 
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# ■ APS1 patients 

Fig. 1. Families of the APSl patients studied. The number below 
each symbol indicates the age in years. Numbers in a black square or 
circle indicate the number for this APSl patient used in this paper. 
The dead relatives of APSl patients are not included in this study. 



many). Restriction enzymes were purchased from New England Biolabs 
(Schwalbach/Taunus, Germany), and the sequencing kit was from Phar- 
macia (Freiburg, Germany). AH other chemicals used were of the highest 
degree available and purchased from Sigma (Heidelberg, Germany). 

Methods 

Indirect immunoflttorescence. Frozen sections of rat liver and kidney and 
of human adrenals were incubated at room temperature for 30 min with 
patient sera at dilutions of 1:40, 1*0, 1:160, 1320, 1:640, and 1:1280 in 
phosphate buffered saline (PBS), The sections were washed twice in PBS 
and incubated with a goat anbhuman anti-IgM, IgA, and IgG FITC- 
conjugated antiserum at a dilution of 1:100 in PBS for 30 min at room 
temperature. The sections were washed twice in PBS and embedded in 
90% vol/vol glycerol in PBS. For analysis of the results, we used an 
Olympus IMT2 microscope (Olympus, Hamburg, Germany) fitted with 
an Olympus SC 35 type 12 camera. 

Antigen preparations. One gram of frozen tissue was homogenized with 
20 strokes of a homogenisator in 3 mL ice-cold solution of 025 mol/L 
sucrose containing 0.1 m mol/L phenyl methylsulfonylfluoride. Cellular 
debris and nuclei were removed by centrifugation (Sigma SK15 centri- 
fuge, 1000 X g, 4 C, 15 min). The supernatant was fractionated by 
centrifugation (Sigma SKI 5 centrifuge, 3000 X g, 4 C, 15 min) into a 
mitochondrial pellet and the supernatant containing microsomes and 
the soluble liver proteins. 

Mitodwndrial preparation. For mitochondrial preparations, the pellet was 
resuspended in the sucrose solution, and the mitochondria were washed 
three times, as described above. The washed pellet was frozen on dry 
ice and stored at -80 C The resulting fraction is enriched in 
mitochondria. 

Microsomal preparation. The supernatant containing microsomes and sol- 
uble liver proteins was subjected to ultracentrifugation (Beckman ul- 
tracentrifuge, TLA 100 rotor, 100,000 X g, 4 C, 1 h). The supernatant was 
discarded, and the microsomal pellet was resuspended in 0.5 ml sucrose 
solution. The subcellular fractions were frozen on dry ice and stored at 
-80 C The resulting preparation is enriched in microsomal proteins. 

Western blotting. Fifty micrograms of tissue antigens and bacterial ex- 
tracts containing recombinant proteins were separated on a 10% poly- 
acrylamide gel and transferred to nitrocellulose (18, 19). The blots were 
blocked in PBS containing 0.1% Tween 20 and 5% nonfat dry milk and 
incubated for 1 h with a 1:100 dilution of the patient's or control sera in 
PBS-Tween- The blots were then washed three times for 10 min with 



PBS-Tween and incubated for 1 h with a 1:1000 dilution of an alkaline 
phosphatase conjugated antihuman IgM, IgA, IgG antiserum in PBS- 
Tween. After washing three times with PBS-Tween and two times in 
alkaline phosphatase buffer, the blots were developed using the nitro 
blue tetrazolium chloride /5-bromo-chloro-3 indolyl phosphate detec- 
tion system (20). 

Cloning and expression of recombinant ciftodiromes P450s. The primers used 
for amplification and modification of cytochromes P450 according to 
Waterman (21) had the following seq uenc es: P450 sec-primers: 5' CT- 
G AGGT ACCGCrCTGTT ATT AGC AGTTTTTCTCTC AGTCCTCGTC- 
AAACGCTAC 3' and 5' GCTCA AGCTTTG ATCACTCCTGCCTTGC- 
TT C 3'; P4 50 cl7-primers: 5' CTCAG CTACC CCTCTCTTATTAG- 
CAG1 1 i 1 1 CTGCTT ACCCTACCTT A 1 ITGl'lT 3' and 5' CCTCAA- 
GCTTTGATCACTGCTGCCTTCCTTC 3'; P4 50 lA2-primers: 5' CT- 
GACGTACCGCTCTGTTATTACCAC1 11 1 1 CTCTTCTGCCTCCTAT- 
TCTGGCTC 3' and 5' GCTC A AGCTTC A ATTG ATGG AC A ACG 3'. 

The cDNAs were amplified by the Vent polymerase according to 
the manufacturers recommendations (New England Biolabs) (Fig. 
2A). Denatu ration was performed for 1 min at 94 C, annealing for 2 
min at 62 C, and the elongation for 3 min at 72 C. Twenty cycles were 
applied for the amplification of the cDNA, with a final elongation step 
of 7 min. After PCR, the modified cDNAs were purified by the 
Quiagen PCR-purification kit, digested with Hi «dI0 and Kpn\ f and 
inserted into the respective restriction sites of the pQE 30 vector. All 
constructs were confirmed by several restriction digests and by se- 
quence analysis of the N- and C -termini, using the T7 sequencing kit, 
according to the manufacturer's recommendations. For expression of 
the recombinant cytochrome P450 proteins, all cDN A -expression vec- 
tors were transfected into DHSaFIQ cells. The expression of the 
recombinant proteins was induced by the addition of IPTG to a final 
concentration of 2 mmol/L for 3 h after the cells were grown to 
late-log phase. The cells were harvested by centrifugation, lysed in 
SDS-sample buffer, and the proteins were analyzed by SDS-PAGE 
and Western blotting. The expression of cytochrome P450 1A2 was 
further confirmed by Western blotting using a polyclonal rabbit an- 
tihuman P4501A2 antibody that was a kind gift from Prof. P. Beaune 
of the University of Paris. 

Absorption studies. For absorption experiments, all sera were incubated 
with total proteins from Escheridtia coli (E. col!) cells, carrying the ex- 
pression vector alone or expressing the recombinant cytochromes P450 
cl7, P450 sec, or P450 1A2, according to the method described by Uibo 
et at (8). Experiments of indirect immunofluorescence and immu no- 
blotting (of human adrenal, human liver antigen preparations, and re- 
combinant P450 enzymes) were performed with nonadsorbed and ab- 
sorbed sera. 

Results 

Indirect immunofluorescence on human adrenal sections 

Indirect immunofluorescence studies of the sera were per- 
formed on ciyosections of human adrenal tissue (Table 1). 
Four of six A^PSl sera detected tissue antigens in all three 
layers (zona glomerulosa, the zona fasciculate, and the zona 
reticularis) of the human adrenal cortex. None of the 82 other 
sera, including the serum from a patient with idiopathic 
Addison's disease, recognized adrenal antigens. 

Immunoblotting with human adrenal antigens 

To further characterize the adrenal autoantigens involved, 
we prepared mitochondrial subfractions of human adrenal 
and placental tissues. Western blotting, with patient sera 1, 
2, 4, and 5, revealed a protein band at 54 kDa in both tissues 
(Fig. 3, A and B). In addition to the 54- kDa protein, patient 
serum no. 2 recognized a second band at 57 kDa in adrenal 
but not in placental tissue. In contrast, none of the sera from 
the patients' first-degree relatives, from patients with other 
autoimmune diseases, or from healthy controls showed pro- 
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B 



Kpnl 



HlndO! 



MW 



P450 cDNA 



ATG 



PCR 



P450 cDNA 



ATG 



Cloning 



P4501A2 



P450C17 



P450SCC 



a4 



53 



35 



29 



MCS 




cytochromes 
^ P450 




Pig. 2. Expression of recombinant cytochromes P450 sec, P460 cl7, and P450 1A2 in E. coli. A, Construction of the expression vectors; B ( the 
figure shows a typical result after Coomassie Blue staining of K coli lysates expressing cytochromes P450 1A2, P450 sec, and P450 cl7. Arrows 
on the left indicate the position of the molecular weight standards, arrows on the right mark the positions of the recombinant cytochrome P450 
proteins. 



tein bands at the levels of 54 or 57 kDa (Fig. 3, A and B, Table 
2). Also, the serum of the patient with isolated Addison's 
disease failed to recognize any of these autoantigens. This 
result is in accordance with the working hypothesis that the 
autoantigenes recognized in immunofluorescence are the 54- 
kDa and 57-kDa protein bands found in Western blotting. 

I mmu no blot ting with recombinant cytochromes P450 sec 
and P450 cl7 

Bacterial lysa tes of clones expressing cytochromes P450 sec 
and P450 cl7 were used to test for the presence of autoan- 
tibodies directed against these two proteins. Sera 1, 2, 4, and 
5, which also reacted with the 54-kDa adrenal and placental 
autoantigens, recognized the recombinant P450 sec (Fig. 3Q. 
Seaim 2, which in addition detected a 57-kDa adrenal anti- 
gen, recognized P450 cl7 (Fig. 3D). In contrast, none of 82 
sera from the patients' first-degree relatives, patients with 
other autoimmune diseases, and healthy controls recognized 
P450 sec or P450 cl7 (Fig. 3, C and D and Table 2). 

Control experiments with lysates from bacteria expressing 
the empty pQE vector were performed with all patient and 



control sera, demonstrating the specificity of the reaction by 
the absence of the specific 54-kDa and 57-kDa bands (da ta not 
shown). 

Absorption studies were performed with recombinant 
preparations of P450 sec and P450 cl7 (data not shown). As 
expected, recombinant P450 sec absorbed the bands a 1 54 kDa 
and P450 el 7 the band at 57 kDa, in Western blots with 
human adrenal mitochondria, demonstrating the identity of 
the molecular targets. Interestingly, using P450 sec for ab- 
sorption, no other signal was left in blots with patient sera 1, 
4, and 5, whereas only the 57-kDa band remained in blots 
using serum 2. 

Also, the signals in immunofluorescence could be ab- 
sorbed by the recombinant preparations of P450 sec and P450 
el 7, if P450 sec were used for sera 1, 4, and 5 and a combi- 
nation of P450 sec and P450 cl7 was used for patient serum 
2 (data not shown). These results clearly demonstrate that the 
immunofluorescence is caused by autoantibodies directed 
against cytochromes P450 sec and P450 cl7. They further 
show that no autoantibodies directed against cytochrome 
P450 c21 are present that would not have been absorbed by 
the recombinant antigens. 
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Fig. 3. Western blots with adrenal an- 
tigens, placental antigens, and recom- 
binant cytochromes P450 sec and P450 
cl7. A, Western blots with mitochon- 
drial antigens of human adrenals; B, 
Western blots with mitochondrial anti- 
gens of human placenta; C, Western 
blots with P450 sec expressed in K coti; 
D, Western blots with P450 cl7 ex- 
pressed in B. coU-> Lanes 1 and 2, first- 
degree APSl patients' relatives; lanes 
3-8, APSl patients 1-6; lane 9, patient 
with isolated Addison's disease; lanes 
10-12, patients with Hashimoto dis- 
ease; lane 13, LKMl-positive patient 
with autoimmune hepatitis; lane 14, 
LKMl-positive patient with hepatitis C 
virus; lane 15, patient with primary Mi- 
liary cirrhosis; lanes 16-18, patients 
with IDDM and celiac disease; lane 19, 
patient with systemic lupus cy the ma- 
tes us. 
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Indirect immunofluorescence on rat liver and kidney 
sections 

To investigate the hepatic autoantigens involved in 
chronic autoimmune hepatitis associated with APSl , indirect 
immunofluorescence was performed (Tables 1 and 2). Six out 
of 88 sera tested revealed immunostaining of liver and kid- 
ney sections. These sera were the serum of patient 1, who 
suffered from chronic hepatitis and APSl, two sera from 
patients with LKM-1 positive autoimmune hepatitis, two 
sera from patients with LKM-1 positive hepatitis C, and one 
serum from a patient with primary biliary cirrhosis, who was 



positive for antimitochondrial antibodies. The staining pat- 
tern of the serum of patient 1 (Fig. 4) was characterized by 
a predominant staining of the perivenous hepatocytes (ti- 
ter > 1:1000) and of the proximal renal tubules (titer 1:320). 
This pattern differs from the homogeneous staining pattern 
found in patients with isolated autoimmune hepatitis, sug- 
gesting mat the serum of patient 2 recognizes an autoantigen 
that is different From LKM1 (anticytochrome P450 2D6) and 
LKM3 (an ti-UDP-glucuronosyl transferase) autoanti genes 
that were described earlier to be targets for autoimmunity in 
patients with autoimmune and virus hepatitis (22, 23). 
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Pig. 4. Indirect immunofluorescence of rat liver and rat kidney sections. Patient serum 2 was diluted 1:320 in PBS, and indirect immuno- 
fluorescence was performed on eryosections on rat liver (A) and rat kidney (B). For imm unostaini ng, a goat antihuman anti-IgM, IgA, and IgG 
FTC-conjugated antiserum was used at a dilution of 1:100. 



Immunoblotting with human liver antigens 

To further characterize the hepatic antigens involved, 
the microsomal fraction of human liver tissue was handled 
under nonreducing conditions and tested by immunoblot- 
ting. As shown in Fig. 5A, a protein band of approximately 
52 kDa was detected by the serum of patient 1. Bands of 
50 kDa and 68 kDa were detected by the LKM1 -positive 
patients, the 50-kDa band representing an autoantibody 
directed against cytochrome P450 2D6 (22). The patient 
with PBC shows a band at about 70 kDa, which is caused 
by a high-titer antimitochondrial antibody produced by 
this patient. 

Immunoblotting with P450 1A2 

To identify the hepatic autoantigen recognized by pa- 
tient 1, we expressed cytochrome P450 1 A2 in E. coli (Fig. 
2). Preparations of the recombinant cytochrome P450 1 A2 
were used in Western blotting experiments. All of the 88 
sera were tested; however, only the serum of patient 1 was 
positive (Fig. 5B), This result demonstrates that P450 1A2 



is an autoantigen in autoimmune hepatitis associated with 
APS1. To demonstrate the specificity of the reaction, a 
Western blot of serum 1 was performed, using E. coli 
extracts of clones carrying the empty vector alone, in par- 
allel with preparations containing recombinant P450 1 A2. 
No band appeared in the control extract, whereas a clear 
signal was visible in the lane containing P450 1A2 (Fig. 
5C). 

P450 1A2 is expressed in liver, but not in kidney, and 
therefore, antibodies directed against P450 1A2 were de- 
scribed before as LM autoantibody in patients with dihy- 
dralazine-induced hepatitis (24). There are two potential ex- 
planations for the renal immunofluorescence pattern. The 
first explanation consists of a cross-reaction of the autoan- 
tibody with a kidney antigen. A cross-reaction also would 
explain why the signal is only detected at lower serum di- 
lutions. The second explanation is the presence of an unre- 
lated second autoantibody present at a lower titer. To dis- 
tinguish between these possibilities, absorption studies were 
performed . 
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Fig. 5. Western blotting of microsomal antigens of human liver and recombinant P450 1A2. The numbering of patient sera is the same as in 
Fig. 3, A-C. A, Western blotting of microsomal antigens of human liver, B, Western blotting of a recombinant preparation of P450 1A2. The 
arrow on the left indicates the position of the recombinant cytochrome P450 1A2. C, Lysates from cells induced by IPTG carrying the empty 
vector (control) and expression vector for cytochrome P450 1 A2 were analyzed by Western blot using the serum of patient 1, who is suffering 
fom APS 1 -related autoimmune hepatitis. The arrow on the left indicates the position of the recombinant cytochrome P450 1A2, the arrows on 
the right indicate the molecular mass in kDa. 



Absorption studies 

After absorption with preparations of recombinant P450 
1A2, the immunofluorescence studies shown in Fig. 4 were 
repeated (data not shown). In three independent experi- 
ments, the immunofluorescence disappeared in liver and in 
kidney. In control experiments performed with LKM1 pos- 
itive control sera, the immunofluorescence patterns persisted 
after absorption with the recombinant P450 1 A2. 

Figure 6A shows a result after Western blotting with liver 
microsomes. The serum of patient 1 revealed a clear signal 
at 52 kDa in a Western blot with liver microsomes before 



absorption (Fig. 6A, lane 1) the signal almost completely 
disappeared after absorption with P450 1 A2 (Fig. 6 A, lane 2). 
The third lane of Fig. 6A shows that the signals of an LKM1- 
positive serum that are not related to P450 1 A2 persist after 
absorption with P450 1A2. Figure 6B shows a result after 
Western blotting using recombinant P450 1A2. 

Based on these results, we conclude that the 52-kDa band 
detected in Western blotting experiments with liver micro- 
somes is caused by an autoantibody directed against P450 
1 A2. The fact mat the immunostaining of kidney sections that 
was found at lower serum dilutions could be absorbed sug- 



A B 



12 3 12 3 



Fig. 6. Absorption experiments with 
recombinant P450 1 A2. A, lmmunoblot- 
ting using liver microsomes; B, inunu- 
noblotting using recombinant P450 
1A2; Lane 1, serum of patient 1 before 
absorption with cytochrome P450 1A2; 
lane 2, semm of patient 1 after absorp- 
tion with cytochrome P450 1A2; lane 3, 
LKMl-positive control serum after ab- 
sorption with P4501A2. 
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gests that the autoantibody directed against P450 1 A2 shows 
some cross-reactivity with renal autoantigens. 

Discussion 

APS1 is characterized by the progressive manifestation of 
a multitude of endocrine and nonendocrine disease compo- 
nents (1, 2, 3). Frequent disease components, Addison's dis- 
ease, and premature ovarian failure in females are linked to 
the presence of adrenal and steroidal cell autoantibodies (9, 
14, 25-27). Autoantigens detected by these autoantibodies in 
APS1 patients are P450 c21, P450 sec, and P450 cl7 (5-12). In 
our study, four of six Sardinian patients with APS1 recog- 
nized cytochrome P450 sec, and one patient's serum detected 
cytochrome P450 cl7. This result is in accordance with stud- 
ies showing that autoantibodies directed against cytochrome 
P450 sec are produced with a high frequency in Scandinavian 
patients with APS1 (7, 8, 12); however, other investigators 
failed to detect autoantibodies directed against P450 sec (10). 
Differing results also are reported concerning the frequency 
of detection of P450 cl7. Whereas Krohn and his colleges 
reported the presence of P450 cl7 autoantibodies in a sub- 
stantial fraction of their patients (5, 8, 9), others failed to 
detect reactivity directed against cytochrome P450 cl7 (7, 10, 
12). In our study, we confirm that cytochrome P450 cl7 is 
recognized by sera from patients with APS1, albeit at a lower 
frequency than P450 sec. The identification of the autoanti- 
gens was based on apparent molecular weight in SDS-PAGE 
and on the use of recombinant preparations expressed in E. 
coli (Fig. 3, A-D). There also is some disagreement as to 
whether P450 c21 is an autoantigen in APS1. Although Uibo 
et al. (8) report P450 c21 being an autoantigen in 15/50 pa- 
tients with APS1, Winqvist ei d. (7, 12) failed to detect this 
autoantibody in APS1. In our group of six patients with 
APS1, we also did not detect other adrenal autoantigens than 
P450 sec and P450 cl7. 

The most important aspect of this paper, however, is the 
detection and identification of a hepatic autoantigen in pa- 
tients with APS1. Ten to eighteen percent of APS1 patients 
develop chronic hepatitis (1-3), and occasionally, patients are 
reported to have died within only a few days from hepatitis, 
which occurred unexpectedly and without signs of pre warn- 
ing (2, 15). However, in contrast to the wealth of information 
collected by the researchers working on adrenal and gonadal 
failure in APS1, very little is known about hepatitis as a 
disease component in APS1. Here we report for the first time 
the characterization of hepatic autoantigens and the identi- 
fication of cytochrome P450 1A2 as hepatic autoantigen in 
APS1. The identification of the autoantigen was facilitated by 
an immunofluorescence pattern that was different from the 
patterns resulting from LKM1 and LKM3 autoantibodies. 
When Western blots were performed with rat microsomes, 
we failed to detect a specific protein recognized by the an- 
tiserum (data not shown). However, using human liver mi- 
crosomes, a protein band of 52 kDa appeared. This is in 
accordance with observations published by P. Beaune and 
his colleges (24), who identified cytochrome P450 1A2 as 
hepatic autoantigen in dihydralazine hepatitis. In addition, 
control experiments with intestinal microsomes were per- 
formed (data not shown), demonstrating by the absence of 



the 52-kDa signal that an organ specific autoantigen is de- 
tected by the serum of patient 1. To prove that cytochrome 
P450 1A2 also is an autoantigen in APS1, P450 1A2 was 
expressed in E. coli. The serum not only specifically recog- 
nized cytochrome P450 1 A2 in Western blot experiments, but 
absorption with recombinant P450 1A2 resulted in a com- 
plete disappearance of the immunofluorescence pattern and 
the reactivity in Western blots with human liver microsomes. 
At lower dilutions of the serum, immunofluorescence also 
was detected in kidney sections, in spite of the fact that P450 
1 A2 is not expressed in kidney. This result seems to be caused 
by a cross-reaction of the antibody, because the renal im- 
munofluorescence also could be absorbed with the recom- 
binant cytochrome P450 1A2. 

Cytochrome P450 1A2 was described earlier by our group 
as autoantigen in an unusual case of autoimmune hepatitis 
(28, 29). This patient suffered from vitiligo, alopecia, and nail 
dystrophy and had a brother who had died from Addison's 
disease at the age of 8 yr. We now believe that in accordance 
with the criteria for diagnosis of APS1 from Neufeld (1), this 
patient also suffered from APS1. Adding the present patient 
to that previous one, we now have two patients on record 
suffering from autoimmune hepatitis in APS1 with cyto- 
chrome P450 1A2 as hepatic autoantigen. 

Extensive control studies were performed. A total of 40 
patient sera with other autoimmune diseases and 22 first- 
degree relatives of the patients were tested for autoantibod- 
ies directed against hepatic antigens and cytochrome P450 
1 A2. However, only patient serum 1 and 4 sera from patients 
with other liver diseases reacted with human hepatic micro- 
somes (Fig. 5, Tables 1, 2). When extracts of expression clones 
containing the recombinant P450 1 A2 were used, reaction of 
only patient serum 1 was detected, showing mat the detec- 
tion of the hepatic autoantibodies and P450 1A2 did not 
represent false positive results caused by elevated IgG-levels 
that are typical for patients with autoimmune diseases. Most 
patients with autoimmune hepatitis type 2 recognize P450 
2D6, and about 10% recognize UGT 1 proteins. Of 15 German 
patients with autoimmune hepatitis type 2, none was found 
to recognize cytochrome P450 1A2 (data not shown). Deter- 
mination of the exact molecular target of autoimmunity in 
patients with autoimmune hepatitis could help to distin- 
guish patients with autoimmune hepatitis-2 from patients 
with hepatitis in APS1. The later patients should be closely 
monitored for the development of further disease 
manifestations. 
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SUMMARY 

Recent studies have shown that cytochrome P450 2E1 
(CYP2E1) is a major catalyst of formation of trifiuoroacetylated 
proteins, which have been implicated as target antigens in the 
mechanism of halothane hepatitis. In the present investigation, 
trifiuoroacetylated CYP2E1 was detected immunochemical^ in 
livers of rats treated with halothane. Furthermore, high levels of 
autoantibodies that recognized purified rat CYP2E1 but not 
purified rat CYP3A were detected by enzyme-linked immu- 
nosorbent assay in 14 of 20 (70%) sera from patients with 
halothane hepatitis. Only very low levels of such antibodies 
were detected in sera from healthy controls, from patients 
anesthetized with halothane without developing hepatitis, or 
from patients with other liver diseases. The intracellular distri- 
bution of CF 3 CO-adducts was studied in highly differentiated 
FGC4 rat hepatoma cell cultures. High levels of adducts were 



The anesthetic halothane (2-bromo-2-chloro- 1 , 1, 1-triflu- 
oroethane) is associated with a severe and sometimes fatal 
hepatitis in approximately one in several thousand anesthe- 
tized patients and also with a mild form of liver injury that 
occurs in -25% of patients (1). The great majority of patients 
(>80%) who develop the severe form of liver injury, termed 
halothane hepatitis, have been exposed to halothane on two 
or more occasions, and these patients frequently exhibit rash, 
arthralgia, eosinophilia, and a variety of autoantibodies, 
which are characteristics of immune-mediated drug hepato- 
toxicity (1). Furthermore, a series of investigations have di- 
rectly implicated immune responses to novel antigens, 
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found after 22-hr culture in the presence of halothane, and their 
generation was dependent on the expression of CYP2E1. Ad- 
ducts were predominantly located in the endoplasmic reticulum 
but also, to a minor extent, on the cell surface, as detected by 
immunofluorescence. A very similar distribution was found for 
CYP2E1 in FGC4 cells, and immunoprecipitation experiments 
performed in cultures of FGC4-related Fao hepatoma cells 
suggest that surface immunoreactvity originates from a small 
fraction of intact CYP2E1 apoprotein. Human CYP2E1, ex- 
pressed in V79 cells after cDNA transf ection, was also detected 
to a minor extent in the plasma membrane, whereas no immu- 
nofluorescence was evident in parental V79 cells. It is sug- 
gested that immune responses to cell surface CYP2E1 could 
be involved in the pathogenesis of halothane hepatitis. 



halothane metabolite-modified protein adducts, in the mech- 
anism of liver injury. 

Initial investigations showed that patients with halothane 
hepatitis exhibited cellular and humoral immune sensitiza- 
tion to novel antigens expressed in livers of halothane-dosed 
rabbits. In particular, antibodies that recognized the novel 
antigens were shown to be highly specific for patients with 
halothane hepatitis and could not be detected in various 
control groups, including halothane-anesthetized individuals 
who do not develop halothane hepatitis, patients anesthe- 
tized with halothane who develop liver injury attributable to 
other causes (2), and patients with the mild form of halo- 
thane-induced liver dysfunction (1). The novel halothane- 
induced antigens have been detected on the surface of iso- 
lated rabbit hepatocytes, and it has been shown that such 
hepatocytes are susceptible to antibody-mediated cytotoxic 
killing by normal human lymphocytes in vitro (2). This sug- 
gests that the antibodies could be responsible for and/or 
contribute to liver injury in patients in vivo. 

Halothane is oxidized by hepatic P450 to the highly reac- 



ABBREVIATIONS: SDS, sodium dodecyt sulfate; PAGE, polyacryiamide gel electrophoresis; ELISA, enzyme-linked immunosorbent assay; IP. 
immunoprecipitation; ER, endoplasmic reticulum; PM, plasma membrane; P450 or CYP, cytochrome P450; HRP, horseradish peroxidase; PDI, 
protein disulfide isomerase; FITC, fluorescein isothiocyanate; DAS. diallylsulfide; PBS, phosphate-buffered saline; BSA, bovine serum albumin; 
f BS, fetal bovine serum; TBS. Tris-buffered saline; PMSF, phenylmethytsutfonyl fluoride; PEST, penicillin/streptomycin; RT, room temperature; 
HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid. 
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tiye metabolite trifluoroacetylchloride, which either reacts 
with water to yield trifluoroacetate or binds covalently to 
hepatic proteins and lipids to produce trifluoroacetyl adducts 
(CF3CO adducts) (3). The novel antigens recognized" by anti- 
bodies from patients with halothane hepatitis have been 
shown to comprise a range of CF 3 C0-protein adducts, which 
are expressed in livers of halothane-exposed rabbits, rats, 
and humans and are concentrated in the liver microsomal 
fraction (1). Studies performed using the technique of SDS- 
PAGE and immunoblotting (4, 5) have identified at least 
eight distinct CF 3 C0-modified polypeptide antigens, of 
which all except one are derived from the lumen of the ER 
(4-6). In addition, a second group of antigens was identified 
recently that could be detected by ELISA but not by immu- 
noblotting (7). It seems that these comprise one or more 
CF 3 CO-modified integral membrane proteins of the ER and 
that the epitopes recognized by the antibodies of patients are 
conformational (7). 

Studies undertaken in vivo in rats and in vitro in rat and 
human liver microsomes have shown that the P450 isozyme 
primarily responsible for generation of the CF 3 C0 adducts 
detectable by immunoblotting is CYP2E1 (8). 1 The major 
CF 3 C0 adduces) formed in vitro exhibited a subunit molec- 
ular mass of 55 kDa, and so could constitute CYP2E1 ad- 
rS^X current ^P 01 ^ we demonstrate expression of 
CF3CO-CYP2EI adducts in livers of rats treated with halo- 
thane in vivo and the presence of autoantibodies to CYP2E1 
in sera from patients with halothane hepatitis. In addition, 
by the use of cell model systems that express CYP2E1, we 
demonstrate expression of a fraction of cellular CYP2E1 and 
CF 3 C0 adducts on the cell surface. These findings indicate 
that CYP2E1 is a cell surface autoantigen in halothane hep- 
atitis and suggest that this enzyme plays a dual role in the 
mechanism of liver injury. 



Materials and Methods 

Chemicals 

BSA (fraction V), casein (Hammarsten grade), DAS, dithio-bis- 
(propiomc-Mhydroxysuccinimide ester, protein A/Sepharose CL-4B 
lodoacetamide, PMSF, Nonidet P-40 (octylphenoxy polyethory etha- 
nol), Tween 20 (polyoxy ethylenesorbitan monolaurate), Triton X-100 
(^-octylphenoxy polyethoxy ethanol), o-phenylenediamine and 
?^ P » V I di ?" agarOSe Were P urchased from Sigma Chemical (Poole, 
UK). Halothane was purchased from Aldrich Chemical (Giliingham, 
UK) and distilled to eliminate thymol (a stabilizer). Imidazole was 
obtained from BDH Chemicals (Merck, Lutterworth, UK). Chlorme- 
thiazole was from Astra Arcus AB (Sodertalje, Sweden) and was 
provided by Prof. Magnus Ingelman-Sundberg (Karolinska Institu- 

n^^ 1 ^ en) * SDS and EDTA were obtaine <* fro°> Koch. 
Light (Haverhill, UK). Protein A-HRP, acrylamide/bis (40%), poly- 
merization initiators, and molecular mass standards were from 
BioRad Lab (Hemel Hempstead, UK). Ham's F12 medium [including 
0.86 mg of (ZnS0 4 x 7H 2 0)/liter], Dulbecco's modified Eagle's me- 
,t m n ( !n Uing 4500 of glucose/liter), fetal bovine serum, PEST 
(5000 IU of penicillin/ml, 5000 M g of streptomycin/ml), geneticin 
sulfate (G-418), and Dulbecco's PBS were from GIBCO BRL (Life 
Technologies Paisley, UK). Biotinylation reagent and Sephadex 
G-25 was included in a protein biotinylation module from Amersham 
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Life Sciences (Amersham, UK). Enhanced chemiluminescent HRP 
substrates were also obtained from Amersham Life Sciences or from 
Pierce & Warriner (Chester, UK). Vectashield anti-bleach was from 
Vector Lab (Bretton, UK). 

Purified Enzymes 

CYP2E1 and P450 reductase were purified to homogeneity from 
livers of starved and acetone-treated male Sprague-Dawley rats in 
the laboratory of Prof. NL Ingelinan-Sundberg (Karolinska Institu- 
te^ Stockholm, Sweden) according to a published protocol (9). Puri- 
fied rat CYP3A (PCNb) was a gift from Prof. J. R Halpert (Univer- 
sity of Arizona, Tucson, A2) and was purified as described previously 

Sera 

Human sera were obtained from healthy individuals (25 sera), 
patients anesthetized with halothane on multiple occasions who did 
not develop hepatitis (six sera), patients with halothane hepatitis (20 
sera), patients with primary biliary cirrhosis (seven sera), or patients 
with other liver disorders [Le., chronic autoimmune hepatitis (six 
sera), alcoholic liver disease (four sera), and chronic viral hepatitis C 
(seven sera)]. Rabbit anti-CF 3 CO adduct antiserum, which was pro- 
duced as described in detail elsewhere (11), has been shown to 
recognize specifically CF 3 CO-modified rat and human liver proteins 
in immunoblots and ELISA (5). 1 Polyclonal goat anti-human IgG/ 
HRP or anti-rabbit IgG/HRP conjugate was from Tago Immuno- 
cWcals (Serotech, Kidlington, UK). Polyclonal goat anti-rabbit 
IgG/FITC conjugate was from Sigma. Polyclonal rabbit anti-CYP2El 
antiserum, raised against rat liver CYP2E1 (9) but also recognizing 
human CYP2E1 (12), was a gift from Magnus Ingelman-Sundberg 
(Stockholm, Sweden). Antiserum to PDI was obtained from a rabbit 
that had been immunized with rat PDI, purified essentially as de- 
scribed previously (13). This antiserum was shown by immunoblot- 
ting to recognize purified rat PDI (subunit molecular mass, 57 kDa) 
and to recognize a single 57-kDa polypeptide expressed in rat liver 
microsomes (results not shown). 

Animals 

Male Sprague-Dawley rats (200-250 g) were administered halo- 
thane (10 mmol/kg) in a single dose by intraperitoneal injection of a 
21.5% (v/v) solution in sesame oil. Control rats received sesame oil 
only. After the indicated time intervals (see Fig. 4), rats were killed, 
and the livers were removed, homogenized, and subjected to differ- 
ential centrifugation to obtain isolated liver microsomes (5). 

Cell Cultures 

FGC4 rat hepatoma cells (14) were obtained from Dr. M. Weiss 
(Institute Pasteur, Paris, France). These cells originated from a 
H4IIEC3 clone of the Reuber H35 rat hepatoma (14). Batches of 
FGC4 cells (2 X lOVml) were kept frozen at -70° in 1.5 ml of Ham's 
F12 medium, including 25% (v/v) fetal bovine serum, 16% (v/v) dim- 
ethylsulfoxide, and 2% (v/v) PEST. Before each experiment, cells 
were quickly thawed at +3T*, diluted into 15 ml of Ham's F12 
medium {including 5% (v/v) fetal bovine serum and 2% (v/v) PESTJ, 
and cultured in 75-cra 3 plastic flasks (Corning; Costar, Cambridge, 
MA, or Falcon; Becton & Dickinson, Parsippany, NJ) in humidified 
atmosphere with 5% C0 2 at 37°. Medium was renewed after 24 hr 
and every second day thereafter. Rat hepatoma Fao cells (15), orig- 
inating from the same H4IIEC3 clone as FGC4, were obtained from 
M Ingelman-Sundberg and cultured under the same conditions as 
FGC4 cells. V79MZ Chinese hamster cells were provided by Prof. J. 
Doehmer (Technische Universitat Munchen, Munich, Germany). 
These cells exhibited a stable expression of human CYP2E1 after 
transferor, with an simian virus 40 early promoter-controlled ex- 
pression vector, which included human CYP2E1 cDNA (12). Both the 
transfected, CYP2El-expressing V79MZh2El cells and the non- 
transfected, parental V79MZ cells were cultured in Dulbecco's mod- 
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Fig. 1. Identification of CF 3 CO-modified CYP2E1 in livers of rats 
treated with halothane. Microsomes were prepared from pooled livers 
of groups of four rats given an intraperitoneal dose of either halothane 
(10 mmol/kg) or sesame oil and killed after 3, 18, or 42 hr. A, Time- 
dependent formation of CF 3 CO adducts. Liver microsomal proteins, 
corresponding to 5 fig/lane, were resolved by SDS-PAGE (8.5% gels) 
under reducing conditions, and immunobtots were developed using an 
anti-CF 3 CO ad duct rabbit antiserum, with final detection by peroxi- 
dase-generated chemiluminescence. B, IP of CYP2E1. Rabbit IgG spe- 
cific for CYP2E1 or nonimmune IgG was cross-linked to protein 
A/Sepharose beads and used for precipitation of CYP2E1 from solubi- 
lized liver microsomes. Precipitates were subjected to SDS-PAGE (anti- 
2E1 beads and control beads, respectively), as were intact rat liver 
microsomes (m/c) and CYP2E1 was detected by immunoblotting. C, 
Detection of CF 3 CO-CYP2E1 formed in rat liver in vivo, CYP2E1 was 
immunoprecipitated from the various liver microsomes using the anti- 
2E1 beads; then, immunoprecipitates were resolved by SDS-PAGE 
(10% gels), and immunoblots were probed using anti-CYP2E1 anti- 
serum (right) or anti-CF 3 CO adduct antiserum (teff), as was a reference 
sample of liver microsomes from halothane-treated animal (/vie; 18 hr 
time point). Similar results were obtained in three separate experi- 
ments. 

ified Eagle's medium (4500 mg/liter glucose), including 10% fetal 
bovine serum and 2% PEST, but geneticin sulfate (G-418, 200 /ig/ml) 
was also included in the V79MZh2El cultures. 

Formation of CF 3 CO Adducts in FGC4 Cells 

Within 5 weeks after initial thawing and reseeding, FGC4 cells 
were challenged with imidazole (0.5 mM, 2 days) or chlormethiazole 
20 /am, 2 days) and thereafter washed twice in PBS and incubated in 
resh medium for 60 min. Medium was exchanged once again, and 
flasks were closed air-tight with the use of silicone stoppers and 
parafilm. Halothane (5 /il of a 1:10 dilution in methanol) was injected 
through the stopper onto a strip of filter paper positioned inside the 
cell flask (16). This dose of halothane has been shown in a previous 
investigation to result in maximal generation of CF : ,CO adducts in 
primary cultures of rat hepatocytes and has been estimated to give a 

i final halothane concentration of —20 /iM in the culture medium ( 16). 
After the indicated incubation time (Figs. 4 and 5) at 37°, cells were 

' vashed three times in cold PBS and scraped off the plastic into 



Eppendorff tubes. The cells were pelleted by low-speed centrifuga- 
tion and frozen in 100 jil of PBS at -20° before preparation of 
microsomes. 

Isolation of Microsomes 

Cell microsomes were isolated essentially as described previously 
(17) with minor modifications. The FGC4 samples (-5 x 10 6 cells) 
were thawed and sonicated in 1 ml of ice-cold 0.25 M sucrose, 1 mM 
EDTA, and 50 mM HEPES, pH 7.4. The homogenate was centrifuged 
at 10,000 x g for 10 min at +5°, and the resulting supernatant was 
ultracentrifuged at 109,000 X g for 60 min at +4° with a Beckman 
Optima TL ultracentrifuge with a TLA45 rotor (Beckman Instru- 
ments, Columbia, MD). Microsomal pellets were homogenized with a 
tight-fitting pestle in 200 jJ of ice-cold centrifugation buffer. Protein 
concentration was determined according to the Lowry method using 
BSA as standard. 

SDS-PAGE and Immunoblotting 

Microsomal aliquots, corresponding to 150 jtxg (FGC4 cells) or 15 
fig (rat liver), were diluted to 75 /il in water, mixed with 75 jtl of SDS 
sample buffer [0.125 M Tris-HCl, ph 6.8, including 8% SDS (w/v), 20% 
glycerol (v/v), 0.002% bromphenol blue (w/v)] containing dithiotreitol 
(10 mg/ml), and boiled for 3 min. Thereafter, aliquots (specified in 
figure legends) were resolved by SDS-PAGE (using BioRad minigels 
with 8.5% or 10% acrylamide in the resolving gel) and transferred to 
nitrocellulose sheets. The sheets were incubated for 90 min at RT 
(20-25°) in blocking solution consisting of TBS, Tween 20 [0.05% 
(v/v)], fat-free dry milk [5% (w/v)3, and fetal bovine serum [2% (v/v)l. 
Anti-CF 3 CO protein antiserum was used at a 1:5000 dilution in 
blocking buffer and incubated for 3 hr or overnight at RT, after which 
blots were washed with 1% milk/TBS-Tween and incubated with 
goat anti-rabbit IgG/HRP conjugate at 1:5000 dilution in 1% milk/ 
TBS-Tween for 2 hr. Primary antibody incubations with anti- 
CYP2E1 antiserum were performed using a 1:5000 dilution in 1% 
milk/TBS-Tween for 90 min at RT, followed by a thorough wash in 
TBS-Tween and incubation at RT for 90 min with protein A-HRP 
(1:3000) in 1% milk/TBS-Tween. Thereafter, sheets were washed 
again in TBS-Tween, and antibody reactivity was visualized using 
enhanced chemiluminescence HRP substrates and Hyperfilm (Am- 
ersham Life Sciences). The intensity of immunoblot signals was 
determined using a Molecular Dynamics scanner (Sunnyvale, CA) 
and ImageQuant software. The apparent molecular masses of pro- 
tein adducts were estimated by comparison of their electrophoretic 
mobilities with those of molecular mass standards. 

ELISA 

Aliquots of PBS (96 jd) were added to wells of polystyrene micro- 
titer plates (Immulon 4; Dynatech Lab, Billinghurst, UK). Subse- 
quently, 5-/J aliquots of purified rat CYP2E1, which previously had 
been diluted to a final concentration of 1.8 pmol of CYP2E1/5 jjJ in 
0.2% (w/v) sodium cholate, 50 mM HEPES, pH 7.4, were added to the 
wells (yielding a final protein concentration of -1 fig/ml). Control 
wells received the same volumes of PBS and cholate dilutent buffer. 
Plates were incubated for 16 hr at +5°; then wells were washed four 
times in washing buffer [TBS, casein (0.5% (w/v), 0.02% (w/v) thimer- 
osall using a Titertek SA/12 Microplate washer (Flow Lab, ICN 
Biomedical, Thame. UK) at RT. Human sera (100 jil, diluted 1:100 in 
washing buffer) were added to the wells and plates were incubated 
for 3 hr at +4°. After another wash step, 100 pJ of anti-human 
IgG/HRP conjugate (dilution 1:1000 or 1:3000 in washing bufTer) was 
added to the wells, and plates were incubated for 2 hr at +4°. After 
a final wash (four times with washing buffer, then twice with TBS 
alone), bound HRP activity was determined by reaction with o- 
phenylenediamine (7) and determinations of absor banco at 490 nm 
(performed using a Titertek Multiskan Plus Mkll Plate Reader; Flow 
Lab J. The same protocol was used in ELISA studies of antibody 
binding to rat CYP3A and purified P450 reductase. 
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Rg. 2. Expression of anti-CYP2E1 antibodies in the sera of patients with haJothane hepatitis. Binding of human antibodies (serum dilution 1:100) 
to purified rat CYP2E1 (A) or rat CYP2E1 and rat CYP3A (B) was investigated by EUSA. The dilutions of secondary antibody (goat anti-human 
IgG/HRP conjugate) were 1 :1000 for A and 1 :3000 for B. Sera were from patients with haiothane hepatitis (Ha/ hep, 20 sera), patients undergoing 
multiple haiothane anesthesia without hepatitis (Ha/ C, six sera), healthy controls (NC, 25 sera), patients with primary biliary cirrhosis (PSC, seven 
sera), or patients with other liver disorders (LDC, 1 7 sera). The background reactivity of each serum against wells coated with PBS was subtracted 
from each presented value. The analysis was repeated twice, with similar results. 



Immunofluorescence 

FGC4 cells were reseeded in 3 ml of complete F12 medium (de- 
scribed above) in Slide-Flasks (Nunc, Roskilde, Denmark) and grown 
to 40-50% confhiency. The medium was replaced, and FGC4 cells 
were incubated with or without haiothane, as described above. The 
cells were washed (2x5 min) in PBS and fixed in 2.5 ml of 5% (vrv) 
formaldehyde in PBS for 25 min at HT. After another wash in PBS, 
cells were treated by slow snaking for 20 min at RT in PBS, with or 
without 0.2% (v/v) Triton X-100, and then incubated without ghntrmg 
for 15 hr at +5° with 10% (v/v) FBS in PBS. Subsequently, the 
Slide-Flasks were washed briefly in PBS and incubated (gentle shak- 
ing) for 3 hr at RT with 1 ml of primary antibody solution [either 
anti-CYP2El antiserum, diluted 1:2000 in 3% (w/v) BSA in PBS, or 
no nimm u ne rabbit antiserum or anti-CF s CO adduct antiserum, di- 
luted 1:400 in 1% (w/v) BSA in PBS], Cell specimens were then 
washed in 3 ml of 3% (w/v) BSA (3 X 10 min) and incubated with goat 
anti-rabbit IgG/FTTC conjugate [diluted 1:200 in 0.8 ml of 3% (w/v) 
BSA in PBS] for 1.5 hr at RT. Finally, specimens were washed in 
BSA/PBS (3 X 10 min) and once in H 2 O t before being mounted in 
Vectashield anti-bleach under a glass coversUp. The specimens were 
analyzed by immunofluorescence microscopy using a Zeiss Axioskop 
and photographed using a Nikon UFX-DX camera, with the same 
exposure time for all samples. The same immunofluorescence proto- 
col was used for V79 cells. Confocal microscopy was performed using 
a BioRad MRC600 with a krypton/argon laser. 

IP of CYP2E1 from Liver Microsomes 

Coupling of IgG to insoluble beads. Protein A/Sepharose 
CL-4B beads (80 mg) were equilibrated in 1 ml of IP buffer [0.15 M 
NaCl, 0.2% (v/v) Nonidet P-40, 1 mM EDTA, 50 mM HEPES, pH 7.4], 
including 2% (w/v) BSA, to yield a 20% (v/v) suspension. This was 
incubated with 4 mg of anti-CYP2El IgG (9) or 200 /d of nonimmune 
rabbit serum by shaking on ice for 2 hr. Beads were pelleted and 
washed once in IP buffer/BSA and twice in PBS and then incubated 
with 1.5 ml of ditMo-bis(propionic-#-hyd^xysuccmimide ester (1 
mM in PBS) for 45 min during shaking on ice. Beads were washed 
three times with glycine (2 mil) in PBS and stored in this buffer at 
+5°. 



IP of CYP2E1. liver microsomes (300 /ig) were solubilized in 1 ml 
of ice-cold IP buffer including 0.5% (w/v) BSA, 1% (w/v) deaxycholate, 
1 mM PMSF, and 1 mM todoacetamide and then incubated with 75 /d 
of a 10% (v/v) suspension of IgG beads for 2.5 hr on ice, with contin- 
uous s h a k i n g. The beads were pelleted by centrifugation and washed 
three times in solubilization buffer and then three times in IP buffer. 
Beads were boiled for 15 min in 100 /d of SDS sample buffer without 
DTT and then analyzed by SDS-PAGE and immunoblotting. Sample 
loading was 10 /d/well, and immunoblotting was performed using 
either anti-CYP2El or anti-CF 3 CO adduct antiserum. 

IP of CYP2E1 from Hepatoma Cells 

Biotinylation of IgG. Anti-CYP2E1 IgG (2.5 mg) was biotinyl- 
ated in 2.5 ml of sodium bicarbonate buffer (40 mM, pH 8.6) using GO 
/d of biotinylation reagent from Amersham Life Sciences, according 
to the manuf a ct urer's recommendation. The biotinylated IgG was 
separated from free biotin on a Sephadex G-25 column, resulting in 
an approximate protein concentration of 0.8 mg/ml in PBS. 

Precipitation of CYP2E1. Fao cells were grown to 90% conflu- 
ency under the conditions described above for FGC4 cells and then 
washed in PBS at RT (3 X 5 ml) and cooled to +5° in 10 ml of PBS 
containing 5% (v/v) FBS. This buffer was replaced with a further 10 
ml of FBS in PBS, with or without digitonin (50 figfml). Biotinylated 
anti-CYP2El IgG was added (approximate concentration, 4 or 16 
/jgftnl), and incubation was conducted for 75 min at +5°, with very 
gentle agitation. Cell integrity, or permeabilization of cells in the 
presence of digitonin, was verified in separate flasks by investigation 
of trypan blue uptake. Essentially all of digitonin-treated cells 
(>99%) took up trypan blue, compared with <0.5% of cells incubated 
in PBS. The antibody solution was then discarded, and cells were 
washed once in 10 ml of PBS containing 10% (v/v) FBS, once in 20 ml 
of PBS supplemented with 5% FBS, and once in 20 ml of PBS. Cells 
were lysed by shaking on ice for 15 min in 2.5 ml of 1% Nonidet P-40, 
0.15 M NaCl, 50 mM Tris, pH 7.8, mcluding 1 mM EDTA, 1 mM PMSF, 
and 1 mM iodoacetamide. The Iysate was further disrupted by vortex 
mixin g, incubation on ice for 20 min, and then centrifugation at 
2500 x g for 5 min. The supernatant was incubated on ice for 2 hr 
with streptavidin-agarose (60- /il beads, pre-equilibrated in lysis 
buffer), and then CYP2E1 bound to biotinylated IgG was pelleted by 
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centrifugation. The agarose pellet was washed in lysis buffer (3x1 
ml) and once in PBS before boiling in SDS sample buffer (60 jrl), 
without DTT, for 5 min. Aliquots (20 jutl of each sample) were sub- 
jected to SDS-PAGE and immunoblotted with anti-CYP2El anti- 
serum. 

Results 

Identification of CF 3 CO-modified CYP2E1 in livers 
of halothane-treated rats. Liver microsomes were isolated 
from rats killed at 3, 18, or 42 hr after an in vivo dose of 
halothane (10 mmol/kg, in sesame oil) and from rats killed at 
the same time intervals after administration of the vehicle 
alone. Initially, formation of microsomal CF s CO adducts was 
evaluated by immunoblotting, using a specific anti-CF 3 CO 
adduct rabbit antiserum. Although only a very low of expres- 
sion of two adducts (55 and 60 kDa) was evident at 3 hr after 
adniinistration of halothane (Fig. 1A), much higher levels of 
many different CF 3 CO adducts were detected after 18 hr and 
after 42 hr (Fig. 1A). Subsequently, IP experiments were 
undertaken ™ng anti-CYP2El IgG antibodies coupled to 
insoluble heads (see Materials and Methods) to investigate 
expression of CF 3 CO-modified CYP2E1. Tins procedure re- 
sulted in efficient precipitation of CYP2E1 from detergent- 
solubilized microsomes (Fig. IB). Analyses of the immuno- 
precipitates by immunoblotting with anti-CF a CO adduct 
serum revealed the presence of CF 3 CO-modifLed CYP2E1 in 
livers of halothane-dosed rats but not in livers of control rats 
(Fig. 1C, left). Expression of CF 3 CO-CYP2El could be de- 
tected in livers at 3 hr after halothane and was maximal at 18 
hr (Fig. 1C). In contrast to the expression of the majority of 
other CF 3 CO adducts (Fig. 1A), no CF 3 COCYP2El was de- 
tectable after 42 hr. No significant differences between the 
expression of CYP2E1 apoprotein in the liver microsomes 
from halothane-treated and control rats were noted (Fig. 1C, 
right). 

Autoantibodies to CYP2E1 in sera of patients with 
halothane hepatitis. The fmding that CYP2E1 was modi- 
fied by reactive metabolites of halothane raised the possibil- 
ity that the protein could evoke an immune response in 
halothane hepatitis. To investigate this, purified rat CYP2E1 
was used as test antigen in ELISA studies. Only low levels of 
antibody binding were detected using a control group of 25 
sera from healthy blood donors (Fig. 2A). In contrast, levels of 
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Fig. 3. Regulation of expression of CYP2E1 in FGC4 rat hepatoma 
cells. FGC4 celts were grown in the absence or presence of imidazole 
ijmz) or chlormethiazoie (cm?) for 2 days. Cells were harvested and 
microsomal CYP2E1 levels were analyzed by SDS-PAGE and immu- 
noblotting with anti-CYP2E1 antiserum Goading 15 ptg of microsomal 
protein/well), con, control. 
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Fig. 4- Formation of microsomal CF 3 CO adducts in FGC4 cells. A, Cell 
cultures were pretreated with or without imidazole, washed, and incu- 
bated with or without halothane. Some cells were preincubated for 1 hr 
with DAS (1 mw) before the addition of halothane. After 4 or 22 hr, cells 
were harvested in PBS, and formation of microsomal CF 3 CO-protein 
adducts was detected by SDS-PAGE (10% gel, 40 /ig of microsomal 
protein/well) and inrununoblotting with anti-CF 3 CO adduct antiserum. 
B, Formation of CF 3 CO adducts in FGC4 cells pretreated with or 
without imidazole or chlormethiazoie and then incubated with halo- 
thane for 22 hr. Microsomal proteins were resolved using an 8.5% gel 
and then developed as described above. The resutts were replicated 
two or three times. 

antibody binding that exceeded the normal range (denned as 
the mean plus three standard deviations of the values ob- 
tained for the healthy blood donors) were detected in 14 of 20 
(70%) sera from patients with halothane hepatitis (Fig. 2A, 
Hal hep). Testing of six sera from patients who had received 
multiple halothane anesthesia without sustaining liver in- 
jury revealed, that four^were negative for CYP2E1, whereas 
two gave results that were very slightly above the normal 
range (Fig. 2A, Hal O- Negative results were also obtained 
with 16 of 18 sera from patients with various liver diseases 
unrelated to halothane (chronic autoimmune hepatitis, viral 
hepatitis, and alcoholic hepatitis), whereas two were found 
very weakly positive (Fig. 2A, IDC). A low anti-CYP2El 
reactivity could be detected in four of seven sera from pa- 
tients with primary biliary cirrhosis (Fig. 2A, PBO. How- 
ever, it is notable that the levels of antibody binding to 
CYP2E1 were markedly higher for 9 of the 20 sera from 
patients with halothane hepatitis than for any of the various 
control sera (Fig. 2A). Further ELISA studies, undertaken 
using 10 of the sera from patients with halothane hepatitis 
that contained elevated levels of antibodies to CYF2E1, re- 
vealed that the sera did not contain antibodies to purified rat 
CYP3A (Fig. 2B) or purified rat NADPH-dependent P450 
reductase (data not shown). 

Expression of CYP2E1 and CF 3 CO adducts in FGC4 
cells. The highly differentiated FGC4 rat hepatoma cell line 
(14) was used as a model system to study the expression of 
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CYP2E1 in relation to the intracellular formation of CF 3 C0 
adducts. The basal level of CYP2E1 expression in FGC4 
hepatoma cells was estimated, by immunoblotting, to be 
-1-2 pmol/mg of microsomal protein. Treatment of cell cul- 
tures with the CYP2El-stabilizer imidazole [0.5 mM, (17)] for 
2 days caused a 3-fold increase in CYP2E1 expression (293 ± 
126% of untreated control cells, three experiments). In con- 
trast, the expression of CYP2E1 decreased to 25 ± 3% (three 
experiments) after 2 days in the presence of chlormethiazole 
(20 tiM) (Fig. 3). As shown in Fig. 1A, CF 3 CO-modified mi- 
crosomal proteins were formed when FGC4 cells were pre- 
heated with or without imidazole or chlormethiazole and 
thereafter incubated with halothane for 4 or 22 hr at 37°. 
Formation of the adducts was more rapid and extensive after 
pretreatment of the cells with imidazole. In these cells, only 
two distinct adducts (56 and 60 kDa) were detectable after 4 
hr, whereas many other adducts had been formed after 22 hr 
(Fig. 4A). The addition of the CYP2El-selective inhibitor 
DAS (18) (1 mM) to the cell cultures completely blocked ad- 
duct formation (Fig. 4A), as did pretreatment of cells with 
chlormethiazole (Fig. 4B). 

The i subcellular locations of CF 3 CO adducts and 
CTMEl^ m FGC4 cells. Studies in which expression of 
« j adducts m halothane-treated FGC4 cells was inves- 
tigated by indirect immunofluorescence, using the anti- 
CF3CO adduct antiserum, revealed no significant expression 
of adducts after 4 hr (Fig. 5A), whereas intense immunoflu- 
orescence was evident after 22 hr (Fig. 5B). The fluorescence 
was distributed in a granular pattern throughout the cyto- 
plasm in permeabilized cells, whereas no reactivity was seen 
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in the area corresponding to the cell nuclei (Fig. 5, B and E) 
which was easily identified in phase-contrast microscopy 
(data not shown). A very similar picture was seen when 
specimens were probed for the expression of PDI, an abun- 
dant ER enzyme (Fig. 6D). However, studies of adduct ex- 
pression in intact cells resulted in detection of a more diffuse 
immunofluorescence, which was concentrated at the edges of 
the cell (Fig. 5, C and F). Tnis corresponds to the pattern 
expected for the plasma membrane (18a). Essentially no flu- 
orescence was detected in cells incubated without halothane 
(Fig. 5D) or in cells developed using preimmune serum (data 
not shown). 

Investigations of the cellular distribution of CYP2E1 
which were undertaken using the anti-CYP2El antiserum! 
yielded a very similar pattern of results. In these studies 
cells were visualized by conventional fluorescence microscopy 
(Fig. 6, A-€) and also by confocal microscopy (Fig. 6, D and 
E). In the permeabilized cells, immunofluorescence was dis- 
tributed in a granular pattern all throughout the cytoplasm, 
whereas no fluorescence was detected in the cell nuclei (Fig 
6, B and D). Immunoreactivity was also detected to a minor 
extent on the surface of nonpermeabilized cells (Fig. 6, C and 
E). No significant fluorescence was detected in cell samples 
incubated without the anti-CYP2El antiserum (Fig. 6A). 

The subcellular location of human CYP2E1 in trans- 
fected V79 cells. As a control for the specificity of the 
anti-CYP2El antibody reaction and to investigate whether 
human CYP2E1 is expressed on the cell surface, experiments 
were performed using V79 Chinese hamster fibroblast cells 
transfected with human CYP2El-cDNA, which stably ex- 
press human CYP2E1 (12). Immunofluorescence analysis of 
the transfected V79 cells after membrane permeabilization 
by detergent revealed that human CYP2E1 was distributed 
in a pattern corresponding to the ER (Fig. 7A). Immunoflu- 
orescence was also detected along the edges of cells without 
pretreatment with detergent (Fig. 7B). No signal was de- 
tected when nontransfected, parental V79 cells were perme- 
abilized and incubated with the anti-CYP2El serum (Fig. 
7C) or when immunofluorescence studies of either parental 
or transfected V79 cells were performed using nonimmune 
serum (data not shown). 

Identification of intact CYP2E1 apoprotein on the 
surface of Fao cells. IP studies were undertaken to eval- 
uate whether the anti-CYP2El reactivity evident on the 
surface of cultured cells corresponded to intact CYP2E1 or 
proteolytic fragments of the protein. Cultures of an FGC4- 
related cell line, Fao (15), which has a higher expression of 
CYP2E1 than FGC4 ceils, were incubated with biotinyl- 
ated anti-CYP2El IgG. Incubations were performed using 
uitact cells and cells that had been permeabilized using 
digitonin. Subsequently, cells were washed extensively 
and lysed with detergent; then, the biotinylated IgG was 
precipitated using streptavidin-agarose beads. The precip- 
itates were subjected to SDS-PAGE and immunoblotted 
using anti-CYP2El antiserum. This procedure showed 
that the CYP2E1 immunoprecipitated from the surface of 
nonpermeabilized cells exhibited an identical electro- 
phoretic mobility to the intact CYP2E1 apoprotein immu- 
noprecipitated from digitonin-permeabilized cells (Fig. 8). 
Furthermore, it was evident that only a very small fraction 
of the total cellular contents of CYP2E1 was expressed 
on the surface. Control experiments confirmed that no 
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CYP2E1 was precipitated when solubilized rat liver micro- 
somes were incubated with streptavidin-agarose in the 
absence of anti-CYF2El antibodies (data not shown). 

Discussion 

Identification of CF 3 CO-modified CYP2E1. The IP 
studies of liver microsomes revealed that CF 3 C0 modifica- 
tion of CYP2E1 occurs relatively rapidly (within 3 hr) after 
intraperitoneal administration of a single dose of halothane 
to rats (Pig. 1C). The relatively rapid appearance of CF 3 C0- 
CYP2E1, compared with other CF 3 C0 adducts, is consistent 
with the demonstration that CYP2E1 is a major catalyst of 
protein trifluroacetylation in vitro in rat and human liver 
microsomes 1 and in vivo in the rat (8). Furthermore, in agree- 
ment with previous studies (8), a 55-kDa adduct that most 
probably corresponds to CF 3 CO-CYP2El was one of only two 
modified proteins detected at the 3-hr time point (Fig. 1A). It 
should also be noted that high levels of 55-kDa CF 3 CO ad- 
ducts have been detected after incubation of both rat and 
human liver microsomes with halothane in vitro (5, 6). 1 

It is unclear why significantly higher levels of CF 3 CO- 
CYP2E1 were detected at 18 hr after administration of halo- 
thane than after 3 hr (Fig. 1C). One possible explanation is 
concentration-dependent inhibition of P450-dependent bioac- 
tivation of halothane at the early time point (16, 19). 1 Cova- 
lent modification of CYP2E1, either by cAMP-dependent 
phosphorylation (20) or by heme alkylation caused by reac- 
tive metabolites of carbon tetrachloride (21), has been shown 
to result in denaturation of the enzyme and subsequent rapid 
degradation. Presumably, this explains why in contrast to 
the many other CF 3 CO adducts detectable after 18 hr, 
CF 3 CO-modified CYP2E1 was not detectable at 42 hr (Fig. 
1C). 

CYP2E1 as an autoantigen in halothane hepatitis. 

Markedly elevated levels of antibodies that recognized rat 
liver CYP2E1 were detected in a high proportion (70%) of the 
sera from patients with halothane hepatitis, whereas only 
low levels of such antibodies were present in a range of 
control sera (Fig. 2). It is conceivable that a higher number of 



Fig. 6. Subcellular location of rat 
CYP2E1 In FGC4 cells. FGC4 cells 
were grown to 60-70% confluency in 
Slide-Flasks. Thereafter, cells were 
fixed in formaldehyde and either per- 
meablltzed by detergent or left intact 
as described in Materials and Meth- 
ods, and then incubated with arrti- 
CYP2E1 antiserum (diluted 15000) or 
anti-PDI antiserum (12000) and, finally, 
FTTOcoupted goat anti-rabbit IgG. The 
results on CYP2E1 distribution have 
been replicated at least five times, 
whereas the PDI control was per- 
formed twice. A, FTTC-goat anti-rabbit 
IgG only (permeabifized cells), 100x 
magrtffcation; B, anti-CYP2E1 anti- 
serum (permeabiiized cefls), 100x; C, 
anti-CYP2E1 antiserum (nonpermeatt- 
Bzed cells), 100x; D, anti-PDI anti- 
serum (permeabiiized ceils), 63x; E, 
confccaJ microscopy, anti-CYP2E1 
(permeabifized ceils), 40 x ; and F, con- 
focal microscopy, anti-CYP2E1 {non- 
permeabifized oetts), 40x. 

patient sera might recognize the human form of CYP2E1. By 
analogy, antibodies that recognized a purified rat liver mi- 
crosomal carboxylesterase were detected by ELISA in only 2 
of 10 sera from patients with halothane hepatitis (20%) (22), 
whereas the corresponding human enzyme, which exhibited 
77% amino acid sequence identity, was recognized by 17 of 20 
sera (85%) (23). Rat and human CYP2E1 are 78% homo- 
logues at the amino acid level (24), and the substrate speci- 
ficities of the two forms are highly similar. However, a few 
minor structural differences do exist, mainly distributed on 
surface of the CYP2E1 molecule, as predicted by comparison 
with the known three-dimensional structure of bacterial 
CYP102 (24a). For example, it is possible that surface-located 
Asp92, Asp96, Pro259, and Fro262, all present only in the 
human enzyme, represent part of epitopes to which autoan- 
tibody binding could be reduced in ELISA assays with the rat 
CYP2E1 enzyme. 

Sera from patients with halothane hepatitis have been 
shown to contain elevated levels of antibodies to numerous 
hepatic protein antigens other than CYP2E1 and microsomal 
carboxylesterase. These include protein disulfide isomerase 
(57 kDa), a 58-kDa protein of unknown function; calreticulin 
(63 kDa); ERp72 (80 kDa); and the stress proteins BiP/ 
GRP78 (82 kDa) and endoplasmin/GRP94 (100 kDa) (re- 
viewed in Refs. 1 and 22). Initially, immunoblotting studies 
revealed that the the antibodies of patients recognized 
unique CF 3 CO-modified epitopes expressed on the adduct- 
modified forms of the proteins (5). However, ELISA studies 
undertaken using purified non-CF 3 CO-modif2ed forms of sev- 
eral of the proteins subsequently showed that the predomi- 
nant antibody responses detectable in the sera of patients are 
directed against non-CF 3 CO-modified epitopes, which pre- 
sumably are conformational because they are not detectable 
by immunoblotting (1, 13, 22). It is probable that the anti- 
body response to unmodified epitopes arises because CF 3 C0 
adduct formation causes a specific loss of immunological tol- 
erance and that a similar adduct- induced loss of immunolog- 
ical tolerance underlies the anti-CYP2El autoantibody re- 
sponse demonstrated in the present investigation. A 
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anti-CYP2E!IgG 



16 ng/ml 



4 ^g/ml 



S?" 7 h,^ te ^?!J ocation «rf human CYP2E1 in V79 cells transfected 

fixad vl£Jf^o^? C8lls - were Srown to 40% confluency and 
FBS 'i^SL ^ n ^ PBS ™*°n X-100 (A and C), blocked in 

CYmTJS?^¥ '"wwnofluorescence microscopy. A. Human 
V^lS^VES?* W9 ^ (Pefmeabilized). 100X magnified 
fertl 1 M>!^ anri "^DNA-transf ected V79 cells (honpemS 
llzed), 100X, and C. parental V79 ceils (permeabilized). IOOsT 

nonspecific loss of immunological tolerance toward hepatic 
proteins seems unlikely because significant autoreactive 
against another P450 (CYP3A) (Fig. 2) or against NADPH- 
dependent P450 reductase was not detected. 

A specific loss of tolerance toward native CYP2E1 as a 
consequence of CF 3 C0-CYP2El adduct formation, would be 
analogous with two other examples of drug-induced hepati- 
tis namely, hepatitis caused by tienilic acid and by dihy- 
dralazine. In both cases, P450 isozyme-specific metabolism of 



-- — ,-*— CYP2E1 



Dig PBS Dig PBS 

V V ' 

hepatoma cells 



mic 



* ^ it CYP2E1 from the surface of Fao hepatoma cells. Fao 
.v!S^ D ^ C ^ res **** P^abiHzed by digrtonin (D/g) or left 
ntact ir, iPBS and then incubated at +5* with bkrtir^ated anti^2E1 
iSMm the presence of bovine serum. Thereafter, cell cultures were 
washed extensively and lysed in a detergentK»ntaining buffer includ- 
ing protease Inhibitors. The lysate was incubated with streptavidin- 
2^J^,^ Precipitated by centrffugation and thoroughly 
Y™^* Mg 8 buffer. Streptavidin-adsorbed proteins were eiuted by 
boffing In SOS sample buffer, resolved by SDS-PAGE, and Immunob- 
lotted using antHCYP2E1 antiserum. A reference sample ofratTeT 
rnicFosomes (m/c; 2 w) was also included in the electrophoresis. The 
results presented are duplicate precipitations from each culture. Similar 
results were obtained in two independent experiments. 

the causative agent to reactive metabolites that bind co- 
valently to the same P450s was demonstrated, as was the 
presence in the sera of patients of autoantibodies that recog- 
nized the relevant P450s (CYP2C9 and CYP1A2) (25, 26) 
Furthermore, it was reported that anti-CYP3A antibodies 
are expressed in sera of patients who develop hypersensitiv- 
ity reactions to carbamazepine, a CYP3A substrate (27). 
Overall, these findings prompted the speculation that auto^ 
immune responses to P460s could be a common process un- 
derlying many allergic drug reactions. Clearly, the present 
findings are consistent with this hypothesis. 

CYP2E1 is the first example of an integral membrane 
protein that has been shown to be recognized by antibodies 
from patients with halothane hepatitis. The other protein 
antigens identified to date are believed to be concentrated in 
the lumen of the endoplasmic reticulum and are either solu- 
ble or peripheral membrane proteins (6). A group of halo- 
thane-induced liver antigens was described recently that is 
recognized by antibodies from patients with halothane hep- 
atitis in a conformation-dependent manner (7). It seems 
likely that a part of this group of microsomal neoantigens, 
shown to be integral membrane proteins (7), constitutes 
CF a CO-CYP2El adducts. 

Cell model systems for investigation of expression of 
CF a CO adducts. Cultured FGC4 rat hepatoma cells pro- 
vided a very useful model system for investigation of forma- 
tion and trafficking of CF 3 CO adducts. The FGC4 cell is 
highly differentiated and constitutive^ expresses liver-spe- 
cific proteins, including albumin, phosphoenolpyruvate car- 
boxykinase, alcohol dehydrogenase, and the P450 isozymes 
CYP2B (14) and CYP2E1 (28). Regulation of CYP2E1 expres- 
sion m these cells shows several similarities with primary 
hepatocytes and with regulatory mechanisms operative in 
vivo. Thus, the cellular level of CYP2E1 is increased by 
imidazole (Fig. 3) and by ethanol (28), which is most probably 
explained by a specific Iigand-dependent stabilization of the 
CYP2E1 holoenzyme (17). Chlormethiazole has been recog- 
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Identification of tryptophan hydroxylase as an intestinal 
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Summary 

Background Autoimmune poly endocrine syndrome type 1 
(APS1) is an autosomal recessive disorder with both 
endocrine and non-endocrine features. Periodic 
gastrointestinal dysfunction occurs in 25-30% of APS1 
patients. We aimed to identify an intestinal autoantigen. 

Methods A human duodenal cDNA library was 
immunoscreened with serum samples from APS1 patients. 
A positive clone was identified and used for 
irvvitro transcription and translation, followed by 
immunoprecipitation with serum samples from 80 APS1 
patients from Norway, Finland, and Sweden. Sections of 
normal and APSl-affected small intestine were 
immunostained with serum from APS1 patients and specific 
antibodies. An enzyme-inhibition assay was used to 
characterise the autoantibodies. 

Findings We isolated a cDNA clone coding for tryptophan 
hydroxylase. 48% (38/80) of APS1 patients had antibodies 
to tryptophan hydroxylase, whereas no reactivity to this 
antigen was detected in patients with other autoimmune 
diseases ( n=372) or healthy blood donors ( n=70). 
89% (17/19) of APS1 patients with gastrointestinal 
dysfunction were positive for antibodies to tryptophan 
hydroxylase, compared with 34% (21/61) of patients with 
no gastrointestinal dysfunction (p<0-0001). Serum from 
antibody-positive APSI patients specifically immunostained 
tryptophan-hydroxyfase-containing enterochromaffin ceils in 
normal duodenal mucosa. No serotonin-containing cells 
were seen in duodenal biopsy samples from APSI patients. 
Serum from antibody-positive APSI patients almost 
completely inhibited activity of tryptophan hydroxylase. 

Interpretation Tryptophan hydroxylase is an endogenous 
intestinal autoantigen in APSI, and there is an association 
between antibodies to the antigen and gastrointestinal 
dysfunction. Analysis of antibodies to tryptophan 
hydroxylase may be a valuable diagnostic tool to predict 
and monitor gastrointestinal dysfunction in APSI. 

Lancet 1998; 352: 279-63 
See Commentary page 255 
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Introduction 

Autoimmune polyendocrine syndrome type 1 (APSI; 
otherwise known as autoimmune polyendocrinopathy, 
candidosis, ectodermal dystrophy) is a monogenic, 
autosomal, recessively inherited disorder. The gene that 
causes this disorder, autoimmune regulator (AIRE), has 
been idenrified. u A diagnosis of APSI requires two 
of the following features: mucocutaneous candidosis, 
adrenocortical insufficiency, and hypoparathyroidism. 5 
Other common features are failure of gonad function, 
chronic active hepatitis, alopecia, vitiligo, insulin- 
dependent diabetes mellitus, and gastrointestinal 
dysfunction. 4 Autoantibodies to tissue-specific key 
enzymes are common in APS 1 - 5 " 10 

The intestinal dysfunction that affects 25-30% of APSI 
patients is characterised by periodic, therapy-resistant 
steatorrhoea, watery diarrhoea, or constipation. These 
gastrointestinal disorders interfere with the 
pharmacological treatment of other elements of APSI. 
The links between the gastrointestinal symptoms and the 
other elements of APSI are unclear, except that 
hypocalcaemia is known to exacerbate diarrhoea." There 
is no consistent evidence that dysfunction of the exocrine 
pancreas 13 or intestinal lymphangiectasis 13 is the cause of 
the intestinal dysfunction. Organ-specific autoantibodies 
against many organs have been identified in APSI 
patients. We aimed to identify an intestinal autoantigen 
that could be correlated with symptoms of gastrointestinal 
dysfunction in APSI patients. 

Patients and methods 

Patients 

Serum samples were taken from eight Swedish patients, nine 
Norwegian patients (table 1), and 63 Finnish patients with APSI; 
the clinical characteristics of the Swedish and Finnish patients 
have been described elsewhere. 4 - 10 We also tested serum samples 
from 224 patients with isolated insulin-dependent diabetes 
mellitus, 51 with Graves* disease, 31 with Hashimoto's thyroiditis, 
and 66 with Addison's disease. 70 healthy Swedish blood donors 
were used as controls. Duodenal biopsy samples from two 
Swedish APSI patients with severe gastrointestinal dysfunction 
were used for immunostaining. The local ethics committee 
approved our methods, and all experiments were done in 
accordance with the Helsinki Declaration. 

Methods 

We used a commercial XGT1 1 cDNA library constructed from 
human duodenum (Clontec, Palo Alto, CA, USA) for 
immunoscreening (as described elsewhere") of APSI patients' 
(n=7) serum samples, diluted 1 in 3000. The positive cDNA 
clones were amplified by PCR with vector primers flanking the 
insert (KEBO, Solna, Sweden). The products were separated by 
agarose-gel electrophoresis, and purified with a Jetsorb 
purification kit (Genomed, Triangle Park, NC, USA). The DNA 
was quantified and then sequenced with internal primers 
(KEBO), a dve-tenninator-sequenring kit (Perkin Elmer, Foster 
City, CA, USA), and a DNA sequencer (version 310 or 373A, 
Applied Biosystems, Foster City, CA, USA). 

The cDNA clone that encoded tryptophan hydroxylase 
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Sex 

Year of birth 

Intestinal dysfunction 

tosutbKtepenttent diabetes meilitus 

Adrenal Insufficiency 

HypoparathyroWism 

Alopecia 



F 

1957 



F 

1958 



M 

1948 



F 

1990 



F 

1966 



6* 

f" 

1981 



M 

1990 



F 

1967 



M 

1962 



Pernicious anaemia 
Gonad failure 



•These patients are sisters. 

Table 1: CUnlcal characteristics of Norwegian APS1 patients 

(EC. 1.1 4. 16.4) was then subdoned into the pSP64-polyA vector 
j?romega, Madison, WI, USA) to allow optimum 
in-vitro translation and transcription. We used primers 
(KEBO) designed to amplify the 1335 bp coding portion 
of the cDNA and add a 23 bp upstream sequence 
(CGCAAGCTTGGATCCAATTCACC: A Falorrri, personal 
communication), with the aim of improving transcription and 
introducing appropriate restriction enzyme sites. After ligation 
into the HmdEUXbdl site of the pSP64i>ofyA vector, the 
sequence was analysed to make sure it was correct. 

The pSP64-poryAAryptophan hydroxylase done was 
transcribed and translated in vitro with a TNT-SP6 
coupled reticulocyte-lysate system (Promega). The size of 
the radioactive product was measured by means of sodium 
dodecyi sulphate^lyacrylarnide-gd electrophoresis (BioRad, 
Richmond, CA, USA). Immunoprecipitation was done,' 4 and the 
results were expressed as: 
Tryptophan hydroxylase antibody index= 

cpm sample - cpm negative control 

(cpm positive control - cpm negative controI) X 100 

Each sample was tested three times. One APSl patient known 
to have a high titre of antibodies to tryptophan hydroxylase was 
used as a positive control, and one of the blood donors was used 
as a negative control. The upper normal limit of the tryptophan 
hydroxylase antibody index was 14— the mean value for the blood 
donors plus four SD. Values above this cut-off were taken to 
indicate the presence of autoantibodies to tryptophan 
hydroxylase. 

Tissue samples from normal human small intestine and 
duodenal biopsy samples from two APSl patients were fixed in 
10% buffered formalin and processed routinely to paraffin, 
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5 |im sections were immunostained by the avidin-biotin 
technique. B This method gives better results than 
immunofluorescence staining of imffo^ tissue samples, 
presumably because of the large amounts of mucins and 
proteolytic enzymes in intestinal tissue. To assess ^localisation, 
consecutive intestinal sections made by the mirror technique were 
immunostained. Before mmiunostaining, the sections were stored 
in a citrate buffer at pH 6-0, heated in a microwave oven at 750 W 
for two periods of 5 nun, then left in the buffer at room 
temperature for 15 min.The sections were then treated with 3% 
aqueous hydrogen peroxide in a phosphate buffer at pH 7*4 for 
15 rnin so that endogenous peroxide activity was inhibited. We 
used serum samples from APSl patients, a specific serotonin 
antibody (code number YC5/45, Medicorp, Montreal, Canada), 
and an antiserum to tryptophan hydroxylase (Chemicon, 
Temecula, CA, USA) as primary antibodies at a dilution of 1 in 
100. Control stains omitted the primary antibody or replaced it 
with serum from a healthy blood donor at a dilution of one in ten. 

Activity of tryptophan hydroxylase was measured by 
ramoenzyraauc assay,'* which used 25 umol/L tritium-labeBed 
^tryptophan and 0-5 umol/L 6i?-tetrahydrobiopterin as 
substrates. We used 4 U-L reticulocyte fysate as the source of 
tryptophan rrydroxylase. The final assay volume of 100 uX 
contained 0-10 uL patient's serum. The mixture was incubated at 
30°C in pH 7 0 buffer for 10 rnin. A second assay, which used 
high-performance liquid chromatography with fluorimetric 
detection, gave similar results (data not shown). Gel 
chromatography on a Sephacryl-200 column (Pharmacia, 
Uppsala, Sweden) of tryptophan hydroxylase produced in vitro 
showed that a substantial fraction migrated as a tetramer complex 
(data not shown). 



APSl Insulin-dependent Graves' 

(n=80) diabetes disease 

meilitus (n=51) 

(n=224) 



Hashimoto's 
thyroiditis 
(n=31) 



Addison's 
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(n=66) 



Healthy 
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Figure 1: Immunoreactlvfty to tryptophan hydroxylase of serum samples from 80 APSl patients, controls, and patients 
with other autoimmune endocrine diseases 

Broken line indicates cut-off value for positive result, mean value of negative controls plus 4 SD. 
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Clinical disorder 


Number with 


Number wrtti antibodies to 


P 




disorder/ 


tryptophan tiydraxytase/tota! 






total 


With disorder 


Without disorder 




Intestinal dysfunction 


19/80 (24%) 


17/19 (89%) 


21/61(34%) 


<0O001 


InsuttTKtependent 


9/80 (11%) 


4/9(44%) 


34/71(48%) 


>0-99 


diabetes meUitus 










Adrenal insufficiency 


66/80(83%) 


34/66(52%) 


4/14(29%) 


0-15 


Hypoparathyroidism 


65/80(81%) 


30/65(46%) 


8/15(53%) 


0-78 


Alopecia 


26/80(32%) 


11/26 (42%) 


27/54(50%) 


063 


Vitiligo 


17/80(21%) 


12/17 (71%) 


26/63(41%) 


0054 


Pernicious anaemia 


16/80(20%) 


7/16 (44%) 


3 V 64 (48%) 


0*79 


Gonad failure 


27/80(34%) 


13/27 (48%) 


25/53(47%) 


X)-99 



•Calculated by use of Fisher's test. 

Table 2: Clinical disorders and tryptophan-hydroxylase 
antibodies in 80 patients with APSl 

Statistical analysis 

Fisher's exact test was used to compare the frequencies of 
reactivity to tryptophan hydroxylase in the patients with and 
without intestinal and other symptoms. 

Results 

Immunoscreening of the cDNA library with serum 
samples from seven APSl patients identified 13 positive 
clones, which were partly sequenced. When the clones 
were screened again with serum samples from nine APSl 
patients, two clones showed immunoreactivity with eight 
of the nine serum samples. These two clones, identified as 
tryptophan hydroxylase and aromatic aminoacid 
decarboxylase, were roughly 1-5 kb and 1*4 kb in size. The 
clone encoding tryptophan hydroxylase was fully 




Figure 2: Immunostainlng of consecutive sections of normal 
human small Intestine with serum from an APSl patient (A) 
and a specific serotonin antibody (B) 

Reduced by 33% from x281. Immunostains diluted 1 in 100. Cells 
stained by the patients' serum are the same as the enterochromaffin 
cells stained by the serotonin antibody (arrows). 



sequenced, and comparison with the published sequence" 
showed no variation or mutations. 

After in-vitro transcription and translation of the 
tryptophan hydroxylase gene, we showed that 6-7% of 
sulphur-35-labelled methionine was incorporated into the 
protein. On denaturing polyacrylamide-gel electrophoresis 
a band with the expected size of about 58 kDa was seen. 

38 (48%) of the 80 patients had a tryptophan 
hydroxylase antibody index of more than 14, indicating 
the presence of autoantibodies (figure 1). However, the 
frequency of reactivity varied between patients from 
different countries. All eight of the Swedish APSl patients 
showed reactivity against tryptophan hydroxylase, 
compared with only 28 of the 63 Finnish patients and two 
of the nine Norwegian patients. There was no significant 
difference in frequency of reactivity between men 
(17 [46%] of 37) and women (21 [48%] of 43). 17 (89%) 
of 19 patients with intestinal symptoms showed reactivity, 
compared with 21 (34%) of 61 patients without intestinal 
symptoms (p<0-0001). No significant associations were 
shown between the presence of tryptophan hydroxylase 
autoantibodies and other components of the syndrome 
(table 2). 

All eight of the serum samples from Swedish patients 
with autoantibodies to tryptophan hydroxylase also caused 
cytoplasmic staining of enten>chromaf5n cells. These cells 
were identified by staining of consecutive duodenal 
sections with a specific antibody against serotonin (figure 
2). Some samples also stained secretory granules in 
Paneth cells (three) and goblet cells (three). Serum 
samples from blood donors and APSl patients without 




Figure 3: Immunostainlng of normal duodenum (A) and 
duodenal biopsy sample from an APSl patient with 
gastrointestinal dysfunction (B) with monoclonal antibody to 
serotonin 

Reduced by 50% from x62-5. Immunostains diluted 1 in 100. 
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Figure 4: Effect of serum from two APS1 patients and blood donors on activity of 
human tryptophan hydroxylase 

Activity without serum added 0-13 rtmol mtrfmL 1 . Representative results for the patients 
with the greatest and the least effect are shown; values are mean of three or four separate 
assays (patients) or single assay (controls): error bars Indicate 50. 



antibodies to tryptophan hydroxylase did not cause any 
specific immunostaining. Immunostaining of duodenal 
biopsy samples from two APS1 patients showed no 
serotonin-containing enterochromaffin cells, unlike 
normal duodenum (figure 3). 

To assess whether the presence of serum from APS1 
patients affected the activity of tryptophan hydroxylase, we 
produced the enzyme by in-vitro translation and 
transcription, and assayed its activity in the presence of 
serum samples from 16 APS1 patients and 1 1 healthy blood 
donors. Addition of serum from blood donors at a final 
dilution of one in ten resulted in a non-specific decrease in 
activity to about 50-60% of that of control experiments 
without any serum (figure 4). The decrease was possibly due 
to high concentrations of protein and free aminoacids in the 
serum. By contrast, serum samples at a similar dilution from 
APS1 patients almost completely inhibited the enzyme 
activity; also there was partial inhibition of enzyme activity 
with patients' serum at a dilution at which the blood-donor 
serum samples had no significant effect (figure 4). At a final 
dilution of 1 in 100, addition of serum samples with 
reactivity to tryptophan hydroxylase caused 35-98% 
inhibition of the enzyme activity. 

Discussion 

Our findings suggest that tryptophan hydroxylase, the 
rate-limiting enzyme in the synthesis of serotonin, 18 is an 
important intestinal autoantigen in patients with APS1. 
Tryptophan hydroxylase is a 230 kDa tetramer made up of 
identical subunits each with a molecular mass of 58 kDa. 
It is expressed in serotonin-producing cells in the central 
nervous system and the intestine." In the intestine, 
tryptophan hydroxylase and serotonin are present in 
enterochromaffin cells in the mucosa, and in neuronal 
cells in the submucosal and myenteric plexus. The specific 
staining of enterochromaffin cells in the mucosa of normal 
duodenum by serum from APS1 patients and the 
complete absence of enterochromaffin cells from duodenal 
biopsy samples from APS1 patients suggest that 
tryptophan hydroxylase is an antigen linked to intestinal 
dysfunction in APSl. The staining of Paneth and goblet 
cells suggests that there are additional intestinal 



autoantigens linked to APSl. These 
findings also support the hypothesis that 
autoimmune mechanisms, rather than 
mechanisms secondary to other 
components of APSl such as candidosis or 
hypocalcaemia, may cause the intestinal 
symptoms. 

Polyclonal and monoclonal antibodies to 
the pteridine-dependent aminoacid 
hydroxylases tryptophan hydroxylase, 
tyrosine hydroxylase, and phenylalanine 
hydroxylase have been generated 
experimen tally. 2twl Some of these antibodies 
are enzyme-specific, and others recognise 
all three enzymes. Although the mouse and 
rabbit antibodies can either stimulate or 
inhibit the enzymes, all the tryptophan 
hydroxylase antibodies that we found in 
APSl patients are inhibitory. The 
inhibitory autoantibodies in APSl patients 
were specific for tryptophan hydroxylase; 
there was no significant inhibition of 
human tyrosine hydroxylase (isoform 1) or 
phenylalanine hydroxylase under similar 



human 

experimental conditions (data not shown). Although the 
inhibition of tryptophan hydroxylase activity by APSl 
serum in vitro shows that the autoantibody reaction is 
highly specific, we cannot assume that the same is true in 
vivo without further experimental evidence. 22 

Serotonin is generally believed to upregulate intestinal 
motility. 23 However, we cannot rule out the possibility 
that the complete loss of serotonin-producing 
enterochromaffin cells observed in our patients may affect 
other regulatory systems; this hypothesis would explain 
why both diarrhoea and constipation occur in APSl 
patients. In our study, 17 (89%) of 19 APSl patients with 
gastromtestinal problems were positive for antibodies to 
tryptophan hydroxylase, which suggests that these 
antibodies are a marker for gastrointestinal dysfunction in 
APSl. The absence of these antibodies from patients with 
other autoimmune diseases and healthy blood donors 
shows that these antibodies are highly specific. The finding 
that 34% (21 of 61) APSl patients without 
gastrointestinal symptoms were positive for antibodies to 
tryptophan hydroxylase may be explained by under- 
reporting of gastrointestinal symptoms, subclinical disease, 
or the appearance of antibodies before the onset of Himral 
symptoms. The differences in frequency of autoantibodies 
in APSl patients from Sweden, Finland, and Norway may 
perhaps be explained by the occurrence of different 
mutations of the AIRE gene in the three populations. 

Our findings may lead to the identification of 
autoantigens in other autoimmune diseases. 24 Antibodies 
to tryptophan hydroxylase should be sought in people with 
other gastromtestinal diseases, such as Crohn's disease, 
ulcerative colitis, and irritable-bowel syndrome. 
Autoimmune enteropathy 2 * 2 * and pseudo-obstruction in 
connection with small-cell carcinoma 27 are two disorders 
in which irnmtmoreactivity against mucosal cells or 
submucosal neurons has been shown, but no autoantigen 
has yet been identified. Immunotherapy of malignant 
melanoma with tyrosinase has been proposed, 22 and 
tyrosinase has also been identified as an autoantigen in 
autoimmune vitiligo. 2 * Immunisation with tryptophan 
hydroxylase, or with fragments of this protein, may be a 
suitable treatment for malignant gut carcinoids that 
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originate from serotonin-producing entero chromaffin 
cells. 

The identification of tryptophan hydroxylase as an 
intestinal autoantigen raises the question of why many 
autoantigens, such as glutamic acid decarboxylase in 
insulin-dependent diabetes mellitus and aminoacid 
decarboxylase in APS1, are key enzymes in the synthetic 
pathways of neurotransmitters. These enzymes may share 
properties that make them potent triggers of the immune 
system. Alternatively, the presentation of these enzymes in 
the thymus may be incomplete, since they are expressed 
rather late during fetal development. 

We identified tryptophan hydroxylase through 
immunoscreening of an intestinal cDNA library despite 
the fact that initial immunoblotting experiments did not 
show any consistent reactivity against whole intestinal 
tissue. In retrospect, this was probably because tryptophan 
hydroxylase is only present in a small fraction of intestinal 
cells and in concentrations below the detection level for 
immunoblotting. This may be of relevance when trying to 
identify other autoantigens in tissues containing different 
cell types. Further showing the specificity of the approach 
to immunoscreen cDNA libraries, a clone coding for 
aminoacid decarboxylase — known autoantigen in APS I s 
with a much broader tissue-distribution — was identified 
by several serum samples. 30 

The identification of antibodies to tryptophan 
hydroxylase in APS1 may be a useful diagnostic marker to 
predict and monitor intestinal disorders associated with 
this autoimmune disease. It may also add to our 
understanding of the pathogenesis of these intestinal 
disorders in APS1, and lead to more effective treatment 
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Celiac disease is characterized by small Intestinal damage with 
loss of absorptive villi and hyperplasia of the crypts, typically 
leading to malabsorption 1 . In addition to nutrient deficiencies, 
prolonged celiac disease is associated with an increased risk for 
malignancy, especially intestinal T-cell lymphoma". Celiac dis- 
ease Is precipitated by Ingestion of the protein glladin, a com- 
ponent of wheat gluten, and usually resolves on its withdrawal. 
Cliadin initiates mucosal damage which involves an immunolog- 
ical process In individuals with a genetic predisposition. 
However, the mechanism responsible for the small Intestinal 
damage characteristic of celiac disease is still under debate 44 . 
Small Intestinal biopsy with the demonstration of a flat mucosa 
which Is reversed on a gluten-free diet is considered the main 
approach for diagnosis of classical celiac disease'. In addition, 
IgA antibodies against gliadln and endomysium, a structure of 
the smooth muscle connective tissue, are valuable tools for the 
detection of patients with celiac disease and for therapy con- 
trol'"*. Incidence rates of childhood celiac disease range from 
1:300 in Western Ireland to 1:4700 In other European coun- 
trles*~ u , and subclinical cases detected by serological screening 
revealed prevalences of 3.3 and 4 per 1000 in Italy and the USA, 
respectively 11 -". IgA antibodies to endomysium are particularly 
specific indicators of celiac disease" 5 , suggesting that this struc- 
ture contains one or more target autoantigens that play a rote in 
the pathogenesis of the disease*". However, the Identification 
of the endomysial autoantigen(s) has remained elusive. We 
identified tissue transglutaminase as the unknown endomysial 
autoantigen. Interestingly, gliadin is a preferred substrate for 
this enzyme, giving rise to novel antigenic epitopes. 

Western blotting with serum samples from active celiac disease 
patients containing high-titer antiendomysial IgA antibodies did 
not allow us to identify specific protein bands in extracts from 
placenta, uterus, liver or gut, possibly because of loss of antigenic- 
ity of the partially denatured protein preparations. Therefore, we 
used immunoprecipitation from cell cultures, a method that can 
be used for target antigens susceptible to denaturation. 

Cell cultures were screened by immunohistochemistry for the 
expression of the autoantigen with high-titer sera of patients 
with celiac disease and the alkaline phosphatase/monoclonal 
anti-alkaline phosphatase (APAAP) technique'". This method re- 
vealed that cytoplasmic vesicles of HT1080 (human fibrosar- 
coma) cells, WI38 (human embryonal fibroblasts) as well as 
Hepl and HepG2 (human hepatocarcinoma) cells were specifi- 
cally stained by the patients' IgA antibodies. We then immuno 



predpitated both supernatant and cell lysate of HT1080 cells 
metabolically labeled with [^methionine, using the IgA frac- 
tion from celiac disease sera bound to Sepharose. After separa- 
tion by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and 
autoradiography, immunoprecipitation of the supernatant 
yielded varying amounts of a high-molecular-weight protein 
that was identified as fibronectin by western blotting and by the 
characteristic peptide pattern after protease V8 digest (data not 
shown). When the cell lysate was analyzed in a similar way, a 
single protein band with an apparent relative molecular weight 
(M.) of 85,000 before and after disulfide reduction was immuno- 
precipitated exclusively with 25 celiac disease serum samples, 
but with none of 25 control serum samples (from healthy 
adults, patients with ulcerous colitis or Crohn's disease, or pa- 
tients with Sjogren's syndrome, an autoimmune disease charac- 
terized by high-titer serum autoantibodies) (Fig. 1, a and b). As 
before, varying quantities of fibronectin could be precipitated 
in celiac disease, but also small amounts were precipitated in 
some control sera, suggesting that this large adhesive glycopro- 
tein was not the primary target of the celiac disease autoim- 
mune response. Instead, fibronectin may have precipitated 
nonspecifically or in association with the 85-kDa autoantigen 
(see below). 

In order to further characterize the putative 85-kDa autoanti- 
gen, larger quantities of the protein were isolated by immuno- 
precipitation, SDS-PAGE and electrophoretic elution, followed 
by cleavage with endoproteinase Asp-R The resultant frag- 
ments were separated in a 10% tricine gel (Fig. 2a) and trans- 
ferred to a polyvinylidene-difluoride membrane. Three major 
cleavage products with Af, 10,000, 14,000 and 16,000 were ex- 
cised and subjected to amino-terminal sequence analysis. All 
three peptides yielded sequences that could be clearly assigned 
to tissue transglutaminase (EC 2.3.2.13, tTG)" (Fig. 2b). An in- 
teraction of tTG with fibronectin has been described 20 , which 
might explain the occasional coprecipitation of fibronectin 
with tTG in our immunoprecipitation experiments. 

Tissue transglutaminase (synonymous with erythrocyte, cel- 
lular, endothelial, cytoplasmic, type II or liver TG) 2 ' belongs to a 
family of calcium-dependent enzymes that catalyze the 
crosslinking of proteins resulting in the formation of an £-(?- 
glutamyl)- lysine bond. Whereas several proteins can serve as ac- 
ceptor substrates, only a limited number of donor substrates ex- 
ists. The physiological role of the tTG has only been partly 
explored. Although the enzyme is normally localized in the cy- 
toplasm, tTG can be released during wounding, where it associ- 



NATURE MEDICINE • VOLUME 3 • NUMBER 7 • JULY 1997 



797 



a b 

2S0kDa -► «- fibronectin 

94kDa _ 

67kDa - - 67 kD. +m m ^ ~ 

43 WH -* & 

43 kDa -> B IJ3454789I0 1IL2 



12 3 4 

Fig. 1 IgA antibodies of celiac disease sera precipitate a characteristic protein species from ceil cultures. Autoradiography of the immunoprecipitated cell 
lysate from HT1080 cells after separation by SDS-PAGE under reducing conditions, a (lane 1 ), Preadsorption on plain Sepharose CL-4B shows nonspecif ic 
binding of two major proteins; (lanes 2 and 3), immunoprecipitates with serum IgA from healthy controls and (lane 4), precipitation of the 85-kDa auto- 
antigen by serum IgA from a patient with celiac disease. Note high-motecular-mass material that was identified as fibronectin, which coprecipitated from 
samples from patients with celiac disease as well as some with non-cetiac disease, b, Immunoprecipitates with serum IgA from celiac disease patients and 
controls: (lane 1), material preadsorbed on plain Sepharose; (lane 2), healthy control; (lanes 3-7), patients with celiac disease; (lane 8), Crohn's disease; 
(lane 9), ulcerative colitis; (lanes 10-12), patients with Sjogren's syndrome. 



ates with cell surfaces or certain extracellular matrix molecules 22 . 
tTG can crosslink fibronectin 1 "^, osteonectin 24 , collagen II", V 
and XI 24 , procollagen IIP and nidogen 27 . Thus, secreted tTG is 
thought to stabilize the provisional extracellular matrix in gran- 
ulation tissue 22 . Furthermore, its expression is enhanced during 
apoptosis, leading to irreversible crosslinking of intracellular 
proteins, and may be deranged during growth of some tu- 
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tissue transglutaminase: 28' Arg Glu Lys Leu Val Val Arg Arg Gly Gin Pro Phe Trp 

1 0 kDa fragment: Arg Glu Lys Leu Val Val Arg Arg Gry Gin Pro Phe (Ser) 

tissue transglutaminase: 581 ' Asp Leu Tyr Leu Glu Asn Pro Glu He Lys He Arg lie Leu Gly 

1 4 kDa fragment: Asp Leu Tyr Leu Glu Asn Pro Glu He -X- lie -X- He Leu Gly 



tissue transglutaminase: 438' Asp He Thr His Thr Tyr Lys Tyr Pro Glu 
1 6 kDa fragment: Asp He Thr Leu Thr Tyr Gin Tyr Pro (Val) 



mors". The commercially available enzyme from guinea pig 
liver shows a high-protein sequence identity with human tTG 
(>80%)'\ with a high probability of conserved antigenic epi- 
topes, which allowed us to carry out further experiments with 
this preparation. 

Gliadin, the dietary factor incriminated in the initial patho- 
genesis of celiac disease, contains numerous glutamines amount- 
ing to approximately 40% of its amino acids\ In order to test 
whether gliadin could serve as a substrate for tTG, we used an in 
vitro assay with radiolabeled putrescine as acceptor substrate 27 . 
Gliadin proved to be an excellent substrate and was quantita- 
tively crossl inked by tTG, whereas the control proteins (chicken 
albumin, bovine serum albumin, a-lactalbumin, P-lactoglobulin) 
were essentially unaltered (data not shown). These results are in 
accord with previous reports that showed preferential incorpora- 
tion of putrescine in gliadin by a transglutaminase extract from 
intestinal tissue" and also crosslinking of gliadin by a lysate of 
human red blood cells that contain tTG (ref. 31). 

The celiac disease-specific IgA autoantibodies to endomysium 
are detected and semiquantified by performing indirect im- 

Flg. 2 Purification and a mi no-terminal sequence analysis of the 85-kDa 
autoantigen. a. Separation of the unlabeled immunoprecipitated 
85-kDa autoantigen by SDS-PAGE under reducing conditions; proteins 
revealed by silver staining, (lane 1), Molecular weight standard (as mass); 

(lane 2), immunoprecipitate of the 85-kDa auto- 
antigen; additional major bands are fibronectin, 
and light and heavy immunoglobulin chains 
(25-30 kDa and 60-65 kDa, respectively); (lane 
3), 85-kDa autoantigen purified by elec- 
trophoretic elution; (lane 4), fragments of the 
purified autoantigen after digestion with endo- 
proteinase Asp-N; the three peptides subjected 
to N-terminal sequence analysis are marked. 
b, The N-terminal sequence data of the three 
fragments of the 85-kDa autoantigen generated 
by endoproteinase Asp-N were compared with 
the Swiss-Prot 31 data base (PC/GENE, 
IntelliCenetics) and found compatible with 
human tissue transglutaminase (EC 2.3.2.13). 
The identity of residue X is unknown, residues in 
parentheses are uncertain. 
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munofluorescence on muscular sections of monkey esophagus 
or umbilical conF'". In order to further confirm tTG as the au- 
toantigen in celiac disease, we performed indirect immunofluo- 
rescence with high-titer celiac disease serum samples on 
monkey esophagus with or without prior preincubation of the 
sera with tTG. Whereas untreated celiac disease serum samples 
showed the characteristic feature of endomysial labeling, pre- 
treatment with tTG nearly completely abolished endomysial 
immunofluorescence (Fig. 3, a and fc). This demonstrated that 
tTG represents the predominant, if not sole, endomysial au- 
toantigen considered characteristic for celiac disease. 

On the basis of these data, we established an enzyme-linked 
immunosorbent assay (ELISA) for the detection of IgA anti-tTG 
antibodies. Serum samples either from celiac disease patients 
with well-known anti-endomysium titers (as determined by im- 
munofluorescence) or from controls were analyzed, in this 
ELISA only celiac disease patients displayed elevated levels of 
IgA anti-tTG, whereas none of the controls showed significant 
reactivity (Table 1). Furthermore, two of the high-titer sera were 
retested at higher dilutions. Even at 1:3200 these sera exhibited 
extinctions of A = 1.02 ± 0.09 (celiac disease A) and 0.84 ± 0.12 
(celiac disease C), thus demonstrating the high sensitivity of the 
ELISA test (data not shown). In addition, there was a good cor- 
relation between decreasing titers of anti-endomysium IgA and 
the IgA antibodies to tTG as measured by ELISA once patients 
were on a gluten-free diet (Table 2). We also measured IgG au- 
toantibodies to tTG using the same ELISA system, in which the 
anti-lgA antibody was replaced by an anti-IgG antibody. Even 
though the high-titer celiac disease sera showed elevated anti- 
tTG IgG levels, this system was not comparable in sensitivity 
and specificity to the IgA-based EUSA (Table 2). In addition, 
some control sera, especially those of patients with chronic in- 
flammatory disorders, showed raised titers of IgG anti-tTG (data 
not shown). The high sensitivity and specificity for celiac dis- 
ease of IgA class autoantibodies to tTG is most plausibly ex- 
plained by the prominent production of IgA by mucous 
membranes, especially those of the intestinal tract, with the IgA 
anti-tTG response thus reflecting the active phase of intestinal 
mucosal injury. 

The identification of tTG as the autoantigen in celiac disease 
should fuel novel concepts about the insufficiently understood 
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pathogenesis of celiac disease. The usually intracellular enzyme 
is released from cells during wounding 22 . One of its roles is the ir- 
reversible crosslinking of a small set of extracellular matrix and 
some cytoplasmic proteins, including cytoskeletal elements. 
This crosslinking might stabilize the wound area and protect the 
surrounding tissue from further damage. In addition, cytoskele- 
tal crosslinking has been reported in apoptosis, leading to the 
noninflammatory elimination of potentially dangerous infected 

cells 2 ". w u 

The finding that gliadin is a preferred substrate for the other- 
wise highly substrate-specific enzyme is of particular interest. 



Table 1 Enzyme-linked immunosorbent assay (EUSA) based 
on tTG for the celiac disease (CD) autoantigen 



Serum sample 

CD A 
CD B 
CDC 
CDD 
CDE 
CDF 
CDG 
CD H 
CD I 
CD K 
CDL 
CD M 

Ulcerative colitis 
Indeterminate colitis 
Crohn's disease 
Sjogren's syndrome 
Sjogren's syndrome 
Alcoholic liver fibrosis 
Healthy control 



EmA titer 

(1 :640) 

(1:320) 

(1:320) 

(1:320) 

(1 :320) 

(1:320) 

(1:160) 

(1:160) 

(1:160) 

(1:80) 

(1:80) 

(1:40) 

(ND) 

(ND) 

(ND) 

(ND) 

(ND) 

(ND) 

(ND) 



Serum IgA anti-tTG 
dilution (1:400) 

>3.500 

>3.500 
3.114 ±0.024 
1 .257 ± 0.024 
1.977 ±0.01 8 
1.525 ±0.085 
1.208 ±0.019 
0.747 ±0.048 
2.1 74 ±0.291 
0,667 ±0.037 
1.372 ±0.093 
0.286 + 0.009 
0.1 19 ±0.014 
0.092 ±0.01 6 
0.090 ± 0.001 
0.1 37 ±0.004 
0.082 ±0.003 
0.059 + 0.001 
0.070 ± 0.001 



An EUSA for IgA antibodies against tTG was established. Shown are the optical 
densities of twelve different celiac disease serum samples with varying anti-en- 
domysium antibody (EmA) liters as well as seven control sera. Sera were diluted 
1-400 and listed according to their EmA titer £in parentheses). All celiac d.sease 
sera with high EmA-titers (>1 :80) show high anti-tTG tgA titers, wher e * con- 
trol sera display background levels. Celiac disease sera with low EmA-ttter (<l .80) 
show only slightly raised ELISA titers, but are highly elevated above ^contro s when 
diluted 1:100 (0.67 ± 0.02 versus 0.12 t 0.01; celiac disease M, not shown). 
Values are means (ts.d.) ot three parallel determinations. Nr^n^determtned. 
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Table 2 IgA and IgC anti-tTG antibodies in celiac disease (CD) patients 
before and after a gluten-free diet 



Serum 


EmA titer 


IgA anti-tTG 


IgG anti-tTG 


sample 




dilution fj:40U) 


dilution (i : lUU; 


f~r\ a 


(1:640) 


>3.500 


1.26/ ±0.030 


\~U A gTa 


(neg) 


0.321 ±0.013 


^ r\r r k f\ Arc 

1.055 ± 0.055 




0:320) 


>3.500 


3.1 16 ±0.058 


CD B gfd 


(1*401 


0 286 ± 0 009 

w »bOv ^ v» W ✓ 


0 569 ± 0 009 


CDC 


(1:320) 


3.114 ±0.024 


1.360 ±0.009 


CDC gfd 


(neg.) 


0.162 ±0.002 


0.959 ±0.024 


CD E 


(1:320) 


1.977 ±0.018 


0.827 ±0.032 


CD E gfd 


(neg.) 


0.1 86 ±0.041 


0.504 ±0.045 


CDF 


(1:320) 


1.525 ±0.085 


0.555 ±0.01 6 


CDF gfd 


(1:80) 


1.372 ±0.093 


3.1 86 ±0.069 


CDC 


(1:160) 


1.208 ±0.019 


1.1 54 ±0.011 


CDGgfd 


(1:20) 


0.066 ±0.010 


0.370 ±0.008 


CD H 


(1:160) 


0.747 ±0.048 


0.563 ±0.014 


CD H gfd 


(1:80) 


0.667 ±0.037 


1.632 ±0.016 



EUSA data for IgA (1 MOO) and IgC (1 :1 00) dass antibodies against tTG of seven different CD serum 
samples before and after a gluten-free diet (gfd). EmA-Uters are given in parentheses. kjA anti-tTG an- 
tibodies decline in most patients kept on a gfd. Compared with IgA anti-tTG antibodies, IgG anti-tTG 
antibodies appear less sensitive markers for the active phase of CD; titers are means (±s.d.) of three 
parallel determinations. 



ened decisively, leading to a decreased morbidity from 
this intestinal disease. 

We cannot completely exclude IgA autoantibodies 
to tTG in diseases with mucosal lesions that are similar 
to celiac disease lesions, for example, tropical sprue, gi- 
ardiasis, cow milk enteropathy or postenteritis syn- 
drome. However, we think that it is quite unlikely to 
find these tTG autoantibodies in sera of these patients, 
because no IgA EmA were found in serum samples 
from patients with cow milk enteropathy, giardiasis or 
postenteritis syndrome*. Furthermore, no association 
of these diseases to the celiac disease-associated HLA- 
DQ genes is described. 

By assuming a yet unproven potential of tTG, which 
is released during wound healing to serve as a further 
trigger for celiac disease, a novel treatment based on 
oral feeding of the autoantigen and induction of an 
oral tolerance maybe envisaged". tTG apparently elic- 
its autoantibodies of the IgG class in various other 
chronic inflammatory conditions and might play a 
role in the initiation and perpetuation of certain auto- 
immune diseases. 



Bruce er a/. 10 already demonstrated that gliadin efficiently incor- 
porates putrescine in the presence of intestinal extracts contain- 
ing transglutaminase. However, these researchers did not 
differentiate the responsible enzyme nor implicate tTG as the 
endomysial autoantigen of celiac disease. Furthermore, localiza- 
tion of the intestinal TG within the lamina propria mucosae, 
with only 1% in the epithelial layer 30 , is in agreement with the 
site of immunological damage in celiac disease. 

We hypothesize that damage or hyperpermeability of the in- 
testinal epithelium, either owing to toxic gluten fractions or to 
other (minor) irritants, triggers the abundant extracellular re- 
lease of cytosolic tTG, mainly by lamina propria mononuclear or 
mesenchymal cells. Subsequent crosslinking of dietary gliadin 
results in gliadin-gliadin or gliadin-tTG complexes and thus cre- 
ates antigenic neoepitopes. These neoepitopes could then initi- 
ate an immune response in genetically susceptible individuals, 
finally directed both to gliadin and tTG. in fact, a genetic predis- 
position has been found in celiac disease patients, who often 
bear the major histocompatibility complex antigens HLA- 
DQ(al*0501,pi*0201) <31 . Further support comes from our pre- 
liminary data showing that a proportion of the IgA 
autoantibodies of celiac disease patients are directed to such 
neoepitopes (data not shown). Taken together, these data are 
well in line with the suggested importance of the celiac disease 
autoantigen in the pathogenesis of the disease as suggested by 
others*". Nevertheless, it must be borne in mind that celiac dis- 
ease is not a classical autoimmune disease, since IgA antibodies 
to tTG disappear when gliadin is strictly removed from the diet, 
and the mucosal damage is reversed without residual fibrosis or 
scarring. 

Our findings further suggest that the immunological detection 
of IgA autoantibodies to tTG, the newly discovered autoantigen 
of celiac disease, is a useful tool in the diagnosis and follow-up of 
the disease. Because of its simplicity, the ELISA for the identified 
autoantigen now allows an economical and rapid screening of 
large portions of the general population for the presence of la- 
tent or subclinical celiac disease. Therefore, the too-long inter- 
vals from early symptoms to diagnosis and finally treatment of 
celiac disease (median 5.4 years in Germany)" could be short- 



Methods 

Celt culture and immunoprecipitation. HT1080 cells were cultured in 
Dulbecco's modified Eagle's medium containing 10% fetal calf serum 
(Gibco. Eggenstein, Germany). For radioactive labeling 1 0* cells were incu- 
bated with 0.2 mQ [^methionine (Express, Du Pont-NEN, Bad 
Hamburg, Germany) and cultivated for further 1 6-20 h. For immunopre- 
cipitation (IP) the cells were lysed in 3 ml 50 mM Tris-HCI, 1 50 mM NaCI, 
1% nonionic detergent protease inhibitors, pH 7.5, for 10 min at 4 *C. 
Cell fragments were removed by centrif ligation. 1 ml lysate was incubated 
with 50 ul Sepharose CL-4B (Pharmacia, Freiburg, Germany) for 30 min at 
room temperature to remove nonspecificatty binding proteins. The thus 
pretreated lysate was incubated with CNBr-activated Sepharose 4B 
(Pharmacia) preadsorbed with serum IgA either from celiac disease pa- 
tients or from controls via an anti-human IgA bridging antibody from rab- 
bit (2.4 mg antibody/ml Sepharose; Dianova, Hamburg, Germany) for 1 6 
h at 4 *C. After several washes the precipitated proteins were dissolved in 
50 ul SDS sample buffer under reducing conditions and separated by 
SDS-PAGE (ref. 36). 

Isolation, deavage and sequencing of the autoantigen. For isolation of 
the autoantigen by electrophoretic elution (Prep Cell 491, Bio-Rad, Krefetd, 
Germany) the discontinuous buffer system of Laemmli** was used. A 7.5% 
resolving gel (acrytamide, btsacrylamtde 30:0.4, Pharmacia) was preceded 
by a 4% stacking gel. The immunoprecipitated sample was reduced and 
heated in sample buffer and then separated by a constant voltage of 225 V. 
Elution was performed in 25 mM Tris-HCI, 0.1 M glycin, 0.01% sodium lau- 
rytsulfate and fractions of 1 .5 ml (0.8 ml/min) were collected. Fractions of 
interest were analyzed by tricine-SDS-PAGE (ref. 37) and further concen- 
trated with Centriprep-50 (Amicon, Witten, Germany). Cleavage with en- 
doproteinase Asp-N (Boehringer Mannheim, Germany) was performed in 
the elution buffer for 30 min at 37 "C, with an enzyme-to-substrate ratio of 
1:100. Protein fragments were transferred to a polyvinyfidene-difluoride 
membrane (Immobilon, Miltipore, Eschbom, Germany) in a semi-dry-fast- 
blot apparatus (Fastblot B32/33 Biometra, Gottingen, Germany) and ex- 
cised. Amino-terminal sequences were determined by Edman-degradation 
in an Applied Biosystems 477A sequencer (Foster City, CA). 

Inhibition of endomysial staining. Preincubation of celiac disease sera 
(10 pi, diluted 1:320 in phosphate-buffered saline, pH 7.3, PBS) with 1 ug 
or 1 0 ug tTC from guinea pig liver (Sigma, Deisenhofer, Germany) or with 
10 ug bovine serum albumin (Sigma) was performed for 1 h at room tem- 
perature. Monkey esophagus tissue slides (Euroimmun, Liibeck, Germany) 
were then incubated with the pretreated celiac disease sera, their untreated 
controls or non-celiac disease control sera in a humidified chamber for 1 h 
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at room temperature and washed 3x in PBS containing 0.2% bovine serum 
albumin. Bound IgA was detected with TOTC-labeled antihuman IgA from 
rabbit (1 :50 in PBS; Dianova) for 30 min at room temperature. 

Enzyme linked immunosorbent assay. For the EUSA 1 ng tTC (Sigma) in 
100 ul PBS was coated per well on 96-weil microliter plates (Nunc, 
Wiesbaden, Germany) for 2 h at 37 °C, and unreacted sites were blocked 
with PBS containing 1% bovine serum albumin at 4 *C overnight. Patient 
and control sera were diluted in 100 uJ PBS, 0.1% Tween-20 (Sigma), 
added to the wells and incubated for 1 h at room temperature. Three 
washes with PBS, 0.1% Tween-20 were followed by incubation with 1 00 pj 
peroxidase-conjugated antibody to human IgA (Dianova) diluted 1 :1 000 in 
PBS, 0.1 % Tween-20, for 1 h at room temperature. Unbound antibodies 
were removed by three washes and color was developed by addition of 
200 u.1 0.1 M sodium citrate, 1 mg/ml o-phenylenediamine-hydrochloride, 

0. 06. HA, pH 4.2, for 30 min at room temperature. The absorbance was 
read on an EUSA reader (MRX, Dynatech Laboratories/Dynex Technologies, 
Denkendorf, Germany) at 450 nm. 
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Molecular techniques have recently revealed that there are 
several immunologically distinct Ro/SS-A antigens. Three 
genes encoding putative Ro/SS-A protein antigens with cal- 
culated masses of 46, 52, and 60 kD have been isolated. The 
encoded amino acid sequence of each is quite dissimilar. The 
46-kD antigen is calreticulin (CR), a highly conserved cal- 
cium-binding protein that resides predominately in the en- 
doplasmic reticulum where it may be involved in protein 
assembly. Although CR has recently been confirmed to be a 
new human rheumatic disease-associated autoantigen, its re- 
lationship to the other components of the Ro/SS-A ribonu- 
cleoprotein has become somewhat controversial owing pre- 



dominately to the fact that recombinant forms of calreticulin 
have not displayed the same pattern of autoantibody reactiv- 
ity possessed by the native form of this protein. 

The 52-kD antigen most likely resides in the nucleus and 
may be involved in the regulation of gene expression. The 
cellular location and function of the 60-kD antigen is uncer- • 
tain but studies indicate that it is a RNA-binding protein. 

The 46- and 60-kD antigens share homology with foreign 
polypeptides, suggesting that an immune response initially 
directed against a foreign protein may give rise to the au- 
toimmune response directed at cross-reacting self proteins. 
J Invest Dermatol iQ0:73S-79S, 1993 



In 1969 Clark ct al Erst demonstrated a novel antigen in 
human tissue extracts that by immunodiffusion analysis 
reacted with sera from patients with systemic lupus erythem- 
atosus and Sjogren's syndrome [l]. This antigen and its reac- 
tive autoantibodies were called Ro (auto)anrigen and Ro 
(autoantibodies, respectively. In 1975 Alspaugh and Tan similarly 
demonstrated the presence of three different autoantibodies in sera 
from patients with Sjogren's syndrome that they designated SS-A, 
SS-B, and SS-C [2]. Later it was demonstrated that SS-A autoanti- 
bodies were immunologically equivalent to the Ro autoantibodies 
[3], and thus we now commonly preface these autoantibodies and 
their respective antigens with the term Ro/SS-A. SS-B autoanti- 
bodies were also shown to be identical to La autoantibodies, a speci- 
ficity that frequently accompanies Ro/SS-A autoantibodies [3j. 



Reprint requests to: Dr. Daniel P. McCauliffe, Department of Dermatol- 
ogy, CB 7600, Room 137 North Carolina Memorial Hospital, Chapel Hill, 
27514. 
Abbreviations: 
ANA: anti-nuclear antibody 
cDNA: complementary DNA 
CMV: cytomegalovirus 
CR: calreticulin 

ELISA: enzyme-linked immunosorbent assay 

ER: endoplasmic reticulum 

GRP: glucose-regulated protein 

hY RNA: human cytoplasmic RNA 

LE: lupus erythematosus 

NLE: neonatal lupus erythematosus 

PD1: protein disulfide isomerase 

RNP: ribonuclcoprotein 

SCLE: subacute cutaneous lupus erythematosus 

SDS-PAGE: sodium dodccyl sulfate polyacrytamide gel electrophoresis 

UV: ultraviolet 

VSV: vesicular stomatitis virus 



CLINICAL SIGNIFICANCE OF THE Ro/SS-A 
ANTIGENS AND ANTIBODIES 

The Ro/SS-A antigens are of clinical interest in that antibodies 
directed against them are found in the majority of patients with 
primary Sjogren's syndrome, subacute cutaneous lupus erythemato- 
sus (SCLE), neonatal lupus erythematosus (NLE), anti-nuclear anti- 
body (ANA) negative lupus erythematosus (LE), and systemic LE- 
like disease secondary to homozygous C2 or C4 complement 
deficiency [4-9]. Substantial evidence indicates that they play a 
major role in the pathogenesis of disease [10,11], The strongest 
evidence comes from observations in patients with NLE. Pregnant 
mothers with circulating Ro/SS-A autoantibodies can pass them 
across the placenta to their fetus. The fetus can develop congenital 
heart block, hepatic inflammation, and thrombocytopenia from tis- 
sue injury presumably caused by these antibodies [12,13]. Addition- 
ally, shortly after birth and perhaps triggered by ultraviolet (UV) 
light exposure, these infants can develop skin lesions clinically and 
histopathologically similar to those of SCLE [12]. In several 
months, as the maternally acquired antibodies are cleared from the 
infant's circulation, the skin lesions resolve [12]. 

Investigative work has provided additional evidence that Ro/SS- 
A antibodies may be pathogenic. Ro/SS-A antibodies administered 
intravenously to immunodencient mice engrafted with human skin 
bind preferentially in and about the human basal keratinocytes [14]. 
This binding is augmented by UV light exposure. This pattern of 
immunoglobulin deposition is identical to that found in biopsies 
from NLE and SCLE skin lesions. 

CHARACTERIZATION OF THE Ro/SS-A ANTIGENS 

Since Clark tt al first demonstrated the presence of Ro/SS-A au- 
toantibodies by immunodiffusion studies in 1969[1], we have 
learned a great deal more about their target antigens. 

In 1981 Lcrner tt al demonstrated that human Ro/SS-A autoim- 
mune sera immunoprecipitated a novel class of small RNAs that 
they designated the human (h) cYtoplasmic (Y) RNAs or hY RNA 
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[1 5]. In 1984 Wolin and Stcitz showed that this hY RNA immuno- 
prccipitation resulted from the binding of Ro/SS-A autoantibodies 
to a 60-kD protein to which the hY RNAs were apparently linked 
[16]. From 1984 until 1988 it was generally thought that Ro/SS-A 
autoantibodies were directed at a single 60-kD protein. However, in 
1988 Ben-Chetrit et al demonstrated a novel 52-kD Ro/SS-A anti- 
gen by immunoblot analysis that was immunologically distinct 
From the 60-kD antigen [17]. In 1989 Rader era/ demonstrated four * 
immunologically distinct antigens that react with monospecific 
Ro/SS-A autoimmune sera [18]. Over the past four years genes 
encoding 60-, 46-, and 52-kD autoantigens have been isolated. 

60-kD Ro/SS-A In 1 988 Deutscher et al reported the cloning of 
a 60-kD Ro/SS-A antigen from a human placental complementary 
(cDNA) library [19]. In 1989 Bcn-Chetrit et al [20] reported the 
cDNA sequence cloned from a human T-cell leukemia cDNA li- 
brary that appeared to be a homologous gene or a differentially 
spliced version of the gene characterized by Deutscher et al 
Dcutscher's and Ben-Chetrit's sequences both encoded a 60-kD 
protein that was identical except for several amino acids at the 
carboxy-torminus. Both amino acid sequences contain a zinc finger 
motif and a sequence motif common to RNA binding proteins 
[19,20]. Zinc fingers are thought to serve as a site of nucleic acid 
binding or protein binding [21]. 

There is no extensive seauencc homology between the 60-kD 
protein and other published protein sequences; however, six seg- 
ments of this protein have limited homology to different portions of 
a vesicular stomatitis virus (VSV) nucleocapsid protein [22]. Five of 
these homologous regions have significant reactivity to human Ro/ 
SS-A autoimmune sera by enzyme-linked immunosorbent assay 
(ELISA), which suggests that an immune response initially directed 
at the VSV protein or a similar viral protein might cross-react with 
the 60-kD Ro/SS-A protein by way of its cross-reacting epitopes. 
VSV is not known to be particularly pathogenic in humans, but the 
data suggest that this VSV protein or a similar viral protein might 
elicit the Ro/SS-A autoimmune response. This is an example of 
"molecular mimicry" where a microl Dial protein is thought to trig- 
ger an immune response that cross-reacts with a self-antigen [23]. 

46-kD Ro/SS-A Our group isolated a cDNA from an Epstein- 
Barr virus transformed human B-cell line that encodes a protein 
reactive with human Ro/SS-A autoimmune sera [24]. The encoded 
46-kD protein migrates aberrantly at 60 kD by sodium 
dodecylsulfatc-polyacrylamide gel electrophoresis (SDS-PAGE). 
The amino acid sequence of this 46-kD molecule reveals a hydro- 
phobic leader sequence at its amino terminal typical of molecules 
transported into the endoplasmic reticulum (ER), and a KDEL car- 
boxy terrninal sequence that is classic for proteins that are retained in 
the ER [24,27]. This sequence is extremely homologous to murine 
and rabbit CR (94% and 92%, respectively) [28]. CR is a calcium- 
binding protein that resides in the endoplasmic and sarcoplasmic 
reticulum [29], From this high degree of sequence homology and 
other data it has been concluded that the 46-kD molecule is human 
CR [28,30]. 

Recent evidence indicates that CR may be coordinately expressed 
with the glucose-regulated protein (GRP)78, GRP94, and protein 
disulfide isomerase (PDI) genes [31]. The protein products of all 
four of these genes are highly acidic, localize to the ER, and bind 
calcium [32]. GRP78 and GRP94 are highly homologous to heat- 
shock proteins [33,34]. Both of these proteins and PDI are thought 
to play a major role in protein assembly within the ER [33-35]. 
Thus, by implication, CR may also play a role in protein assembly. 

It is also interesting to note that patients infected with Onchocerca 
volvulus, a filarial nematode that causes river blindness, sclerosing 
lymphadenitis, and dermatologic disease in humans residing in parts 
of Africa and Central America, have antibodies directed against the 
Ral-1 antigen, which is highly homologous to CR [28,36]. Al- 
though patients with this nematode are not at increased risk for 
developing Sjdgren's syndrome or LE, this homology between CR 
and a filarial protein raises the possibility that a foreign Ro/SS-A 
protein equivalent might trigger the autoimmune Ro/SS-A anti- 



body response seen in some patients with Sjogren's syndrome and 
several LE-reiated disorders. Drosophila melanogaster and the marine 
snail Aplysia califomica have molecules similar to CR [28]. 

Work recently presented by other laboratories has now con- 
firmed our initial suggestion, that calreticulin is a rheumatic 
disease -associated autoantigen [37,38]. One group has found that 
an Escherichia coli recombinant form of human calreticulin reacted 
by ELISA with 40% of the serum samples from unselected SLE 
patients [37], whereas another group found 33% of their SLE sera to 
react with the same form of recombinant CR by Western blot [38]. 
Curiously, neither group found a significant correlation between 
anti-CR and anti-Ro/SS-A autoantibody levels in their SLE patient 
sera. 

We have reason to believe that post-translational modification 
such as phosphorylation, perhaps through the augmentation of 
hY RNA binding, could also be relevant to the configuration of CR 
that is recognized by Ro/SS-A autoantibodies. Non-mammalian 
forms of recombinant CR are unlikely to possess the same pattern of 
RNA binding or phosphorylation that is displayed by the native 
configuration of CR present in mammalian cells. The concern that 
CR may not be a component of the Ro/SS-A RNP complex stems 
from the fact that recombinant forms of CR both in our laboratory 
(personal unpublished observation) and in others [37,38] do not 
display the same degree of reactivity with Ro/SS-A autoantibodies 
that has previously been demonstrated with native human CR puri- 
fied from human Wil-2 cells. We now have evidence that the 
protein-RNA binding site present on a subpopulation of CR mole- 
cules that bind hY RNA contributes to the structure that is being 
recognized by human anti-Ro/SS-A autoantibodies [39]. 

52-kD Ro /SS-A Chan et al and Itoh et al independently isolated 
the same cDNA sequence from two different human T-cell cDNA 
libraries that encodes a 52-kD protein reactive with human Ro/SS- 
A autoimmune sera [40,41]. The amino acid sequence predicted by 
this cDNA contained leucine zipper and zinc finger binding motifs 
and also had significant homology with the human ret transforming 
protein and the murine T-cell regulatory protein rpt-1, which are 
thought to play a role in gene regulation[40,41]. These sequence 
motifs and homologies suggest that the 52-kD Ro/SS-A molecule 
may be involved in gene regulation and thus probably resides in the 
nucleus. 

There are no significant sequence homologies between the 60-, 
46-, or 52-kD antigens (Table I). Despite the knowledge gained 
from analyzing the encoded amino acid sequences of each Ro/SS-A 
cDNA, there still remain a number of unanswered questions that 
several investigators have started to address. 

Are These Antigens Structurally Associated and What Are Their Relation- 
ships to the hY RNAs? Ro/SS-A autoimmune sera from patients 
with LE and Sjogren's syndrome immunoprecipitate four 
hY RNAs (hYl,3,4, and 5) from human cell extracts [15] (see 
Fig 1), Antiscra specific for either a 52-kD or a 60-kD protein have 
been shown to immunoprecipitate the hY RNAs from cellular ex- 
tracts. However, in one study whenever 52-kD specific antibodies 
(not reactive to the 60-kD antigen by immunoblot analysis) were 
used, the hY RNAs and 52-kD protein were precipitated along 
with a small amount of 60-kD protein [17]. Thus it is not certain 
whether 1) the 52-kD species binds the hY RNAs directly; 2) the 
52-kD protein is indirectly associated with the hY RNA through a 
direct association with a 60-kD hY RNA binding protein; or 3) the 
antibodies that appeared specific for the 52-kD antigen by immun- 
oblot may recognize a cross-reactive epitope on the native Ro/SS-A 
ribonucleoprotein (RNP) particle. 

Deutscher et al have demonstrated that the 60-kD Ro/SS-A pro- 
tein directly associates with hY RNAs in reconstitution studies [1 9], 
There is some evidence that CR associates with the hY RNA as 
suggested by UV cross-linking studies [24], immunoprecipitation of 
hY RNA by affinity-purified CR antiscra [24], and the fact that 
onchocerciasis patient sera with CR reactive antibodies can immu- 
noprecipitate h Y RNA [42]. Additionally, preliminary data indicate 
that rabbit antisera raised against two synthetic peptides corre- 
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Table I. Characteristics of Three Ro/SS-A cDNA -Encoded Products 



Protein 



Location 



Function 



Homology 



Pathogenic Role 



60 kD Nuclear? 

Cytoplasmic? 
46 kD Predominantly cytoplasmic 

± nuclear 
52 kD Predoxninandy nuclear 

± cytoplasmic 



RNA binding 

Ca*" 1 * binding 
Protein folding? 
Gene regulation? 



VSV nucleocapsid protein 

Calreticulin 
Ral-1 
rfp, rpt-1 



Molecular mimicry? 

Translocation 
Parasite homology 



sponding to different portions of the CR amino acid sequence can 
precipitate hYRNA [39]. However, the relationships that exist be- 
tween CR and the other molecular constituents of the Ro/SS-A 
RNP particle continue to be debated [38,43,44]. 

Earlier data suggested that Ro/SS-A autoimmune sera precipi- 
tated a 60- kD protein along with the h Y RNA and this immunopre- 
cipitation was dependent on the presence of protein [15]. More 
recently Bo ire and Craft have identified Ro/SS-A antibodies that 
specifically immunoprecipitate hY5 RNA and a 60-kD protein, but 
not the other types of hY RNA [45]. They concluded that some 




1 2 3 4 5 



Figure 1. hY RNA immunoprecipitation. WiI-2 cells, an EBV trans- 
formed B-cell line, were radiolabeled with ^-orthophosphoric acid and 
sonicated. The resulting cell extract was incubated with sera and the immu- 
noprecipitated material was harvested and subjected to gel electrophoresis 
according to previously established protocols [15]. Lane 1 contains total 
radiolabeled RNA from the extract and serves to provide molecular weight 
standards as indicated to the left of this lane. Lane 2 demonstrates that no 
RNA was immunoprecipitated with normal human serum. Lane 3 is RNA 
immunoprecipitated with human autoimmune sera containing both Ro/SS- 
A and La/SS-B autoantibodies. Lanes 4 and 5 are sera from two different 
patients with Ro/SS-A autoantibodies as denned by double immunodiffu- 
sion. All three sera with Ro/SS-A autoantibodies immunoprecipitated the 
four major types of hY RNA. The very faint unlabeled band in lane 3 
between hYl and hY3 is hY2, a breakdown product of hYl. The Epstein- 
Barr virus encoded EBER 1 and 2 immunoprecipitate with La/SS-B antibod- 
ies as previously described [56]. 



Ro/SS-A autoimmune sera contain autoantibodies directed at a con- 
formational epitope that is expressed only on Ro/SS-A-hY5 RNA 
parades but absent on hYl, 2,3, and 4 containing particles. 

The 60-kD protein immunoprecipitated in die above studies 
most probably represents the authentic 60-kD protein as its amino 
acid sequence contains a sequence motif typically found in RNA- 
binding proteins, although it is clear that proteins without the clas- 
sic RNA-binding consensus sequence can also bind RNA molecules 
[46,47]. The hY RNAs and Ro/SS-A proteins might exist in a RNP 
multimeric complex similar to the Ul RNPs. One could hypothe- 
size that the zinc finger motif in the 60-kD Ro/SS-A molecule 
might serve as a site for this protein to bind one or more of the other 
Ro/SS-A molecules, whereas the RNA binding motif would serve 
as a site of hY RNA binding. 

Several different investigators have reported different masses for 
the Ro/SS-A RNP particle. Three groups have reported a mass of 
approximately 100 - 1 50 kD for the Ro/SS-A particle as determined 
by gel filtration [1,48,49], Wolin and Steitz determined that the 
particle sediments in sucrose at approximately 7S [1 6]. This is equiv- 
alent to -93 kD, which could be accounted for by the mass of one 
60-kD protein and the average mass of one hY RNA molecule. 
Boire and Craft biochemically purified Ro/SS-A particles and 
found them to partition into three different groups by sucrose sedi- 
mentation gradients [50]. The particles in two of these groups have a 
mass of approximately 300-350 kD by gel filtration and the other 
has a mass of approximately 230 kD. These investigators concluded 
that Ro/SS-A RNP particles are heterogeneous and may exist as 
multimeric units consisting of hY RNA, a 60-kD protein, and per- 
haps other polypeptides including the La/SS-B protein [50] (see 
Fig 2). 

Some investigators argue that if a particular protein reactive with 
Ro/SS-A autoantibodies is not part of the hY RNA-bearing RNP 
complex, then perhaps it should not be called a Ro/SS-A antigen. 
Although this is a matter of semantics, there is a clear need to 



hYRNA 
28-38 kD 




other Ro/SS-A 
polypeptides polypeptides 



Figure 2. One model of the Ro/SS-A RNP particle. The proposed rela- 
tionship between hY RNA and the Ro/SS-A and La/SS-B proteins is indi- 
cated. The h Y RNA are RNA polymerase III transcripts and are thought to 
be at feast transiently associated with the La/SS-B protein through binding 
of its uridine rich 3' end. The 60-kD Ro/SS-A protein contains an RNA 
binding motif believed to be the site of hY RNA binding. It is uncertain if 
the 46- and/or 52-kD proteins reactive with Ro/SS-A autoimmune sera or 
other polypeptides are a pan of this particle, although there is some evidence 
that the 46-kD protein is associated with hY RNA. 
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develop a more precise designation for each of these antigens. How- 
ever, it should be remembered that Ro/SS-A antigens were initially 
defined by immunodiffusion assays, not by hY RNA association. It 
has not yet been determined which of the molecules reactive with 
Ro/SS-A autoimmune sera are responsible for the immunoprecipi- 
tate seen in immunodiffusion assays. Rader et al, however, observed 
that non-reducing SDS-PAGE ot eluted precipitins from counter- 
Immunoelectrophoresis showed the precipitins to be composed of a 
60-kD protein [l8]. 

What Is the Cellular Distribution of Each Ro/SS-A Molecule? Some 
investigators have reported predominantly intranuclear localization 
of the Ro/SS-A antigens by indirect immunofluorescence [51-54] 
whereas others have reported cytoplasmic [55-57] or both cyto- 
plasmic and nuclear localization [58,59]. Whether this discrepancy 
in subcellular localization is related to the method of cell fixation, 
cell substrate, or the specificity of the Ro/SS-A autoimmune sera 
used has not been fully investigated. 

Koch tt al have demonstrated that conventional cell fixation for 
ANA testing does not allow full visualization of proteins, such as 
CR, that reside in the ER [60], They demonstrated that ER proteins 
can be better visualized by immunofluorescence techniques with 
detergent permeabilization of fixed cells or of unfixed cells that 
have been equilibrated in 9% sucrose [60]. 

Isolation of antibodies specific for each Ro/SS-A antigenic poly- 
peptide has allowed more precise cellular localization of the Ro/SS- 
A polypeptides and these results have helped explain the discrepan- 
cies encountered previously with immunofluorescence staining 
using whole Ro/SS-A patient sera. 

Ben-Chetrit et al demonstrated strong punctate nuclear and slight 
cytoplasmic staining of cells with Ro/SS-A autoimmune serum im- 
munoaffinity purified from a 52-kD protein and also with monospe- 
cific anti-52-kD serum (as determined by imraunoblot analysis) 
[17]. They reported an indistinguishable pattern with Ro/SS-A au- 
toimmune serum immunoaffinity purified from a 60-kD protein 
[17]. There is some evidence that there may be Ro/SS-A antibodies 
that react with an epitope on the native 60-kD RNP antigen that 
cross-react with an epitope on the 52-kD protein [61]. Thus one 
might speculate that the 60-kD protein resides primarily in the 
cytoplasm and that nuclear staining results from antibodies that 
recognize a cross-reactive epitope on the 52-kD protein. Prelimi- 
nary ELISA data have revealed that all Ro/SS-A autoimmune sera 
with high-titer antibodies directed against a recombinant 52-kD 
Ro/SS-A protein have given a speckled nuclear ANA pattern of 
fluorescence (personal unpublished observation). The 52-kD Ro/ 
SS-A amino acid sequence reveals motifs and homologies that indi- 
cate that it may be involved in gene regulation and thus would likely 
reside in the nucleus [40,41], Antiserum specific for CR has revealed 
predominantly perinuclear cytoplasmic staining with lesser 
amounts of nuclear staining [62,63]. 

Kato et al have reported that the majority of the hY5 RNA is 
found in the cytoplasmic fraction of HeLa cells [64]. More recently 
Boire and Craft nave demonstrated that more than 90% of the 
Ro/SS-A particles were recovered from the cytoplasmic fraction of 
HeLa cells [50]. One should recall that Ro/SS-A antigen was origi- 
nally described as a saline-soluble, "cytoplasmic" autoantigen [1]. 

Is There Any Correlation Between the Type of Ro/SS-A Autoantibodies 
Patients Produce and Their Diagnosis, Disease Course, and/or Response to 
Therapy? Preliminary data suggest that patients with Ro/SS-A au- 
toantibodies might be clinically categorized according to the Ro/ 
SS-A proteins or epitopes their sera recognize. The specificity of the 
maternally acquired Ro/SS-A autoantibodies may determine which 
infants develop NLE Buyon et al have shown that the predominant 
antibody response in the NLE patient group with acquired heart 
block was directed against the 52-kD Ro/SS-A protein, although 
some patients also had antibodies directed against a 60-kD protein 
[65]. Beh-Chctrit et al have demonstrated that of 51 SLE patients 
who were Ro/SS-A positive by immunodiffusion, 47% had antibod- 
ies that recognized both a 60-kD and a 52-kD protein, 18% had 
antibodies that recognized a 60-kD protein only, and 35% were 
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Figure 3. Ro/SS-A translocation. Agents that may translocate Ro/SS-A 
antigens to the cell surface where they are available to bind circulating 
Ro/SS-A autoantibodies are listed. The likely predominant location of the 
46- and 52-kD antigens are indicated. The location of the 60-kD antigen is 



more uncertain. 



nonreactive to both [66]. Similarly, they demonstrated that of 47 
Ro/SS-A -positive Sjdgren's syndrome patients, 47% had antibod- 
ies reactive to both a 60-kD and a 52-kD protein, 40% reacted only 
with a 52-kD protein only, and 13% were non-reactive. Unfortu- 
nately the results obtained by both Buyon et al and Ben-Chetrit et al 
were obtained by immunoblot analysis and might not detect con- 
formational epitopes, including epitopes that might be present on a 
multimeric complex. 

Work is currently in progress in several laboratories, including 
our own, to determine those portions of each Ro/SS-A molecule to 
which Ro/SS-A autoantibocues bind and to define further the na- 
ture of conformational epitopes that may exist on an individual 
Ro/SS-A protein or as part of a multimeric structure. Epitope map- 
ping should determine if subsets of Ro/SS-A autoantibody-asso- 
ciated disease can be based on antigenic site-recognition patterns. 
Such subclassing tion may have clinical use regarding the patho- 
genesis, diagnosis, and treatment of the Ro/SS-A autoantibody - 
associated diseases. 

What Role Do the Ro/SS-A Autoantigens Play in the Pathogenesis of 
SCLE and NLE Skin Disease and How Might Their Cellular Expression 
Be Affected by Factors that May Influence These Two Skin Diseases? A 
number of agents have been shown to influence SCLE and NLE 
disease expression. Some of these agents have been shown to dis- 
place Ro/SS-A antigens to the surface of cells (Fig 3). 

UV light SCLE and NLE skin diseases are frequently exacerbated 
by UV fight exposure, primarily of the UVB type (290-320 nM) 
[67,68]. Investigators have demonstrated that UVB light can dis- 

!>lace Ro/SS-A antigen from within keratinocytes to the cell surface 
69,70]. Similar results have recently been reported for the La/SS-B 
antigen [71]. Such displacement would allow the autoantigen to 
have access to the Ro/SS-A autoantibody binding that could result 
in tissue injury through complement-mediated lysis or antibody- 
dependent cell-mediated cytotoxicity. At this time it is uncertain 
which of the various molecular components of the Ro/SS-A au- 
toantigen complex are affected by UV light exposure. Recent pre- 
liminary studies have indicated that physiologically relevant doses 
of UVB induce both CR gene transcription [72] (personal observa- 
tion) and translation [73]. However, similar doses of UVB did not 
increase cellular levels of the 60-kD Ro/SS-A protein [73]. No 
evidence has yet been presented regarding the displacement of the 
various Ro/SS-A proteins to the cell surface by UV light. 



VOL. 100. NO. 1, SUPPLEMENT, JANUARY 1993 



MOLECULAR CHARACTERIZATION OF Ro/SS-A AUTOANT1GEN 77S 



Estrog ensThe hormonal milieu may also play an important role in 
Ro/SS-A -associated disease, as approximately 75% of SCLE pa- 
tients and infants with NLE skin disease are female. Estrogen treat- 
ment of cultured keratinocytes results in increased expression of 
Ro/SS-A antigens on the cell surface, but it is uncertain which of 
the Ro/SS-A molecules are so displaced [74], 

Heat Some SCLE patients have noted that heat can exacerbate 
their skin disease [67 j. The similarities that CR shares with the heat 
shock - like proteins GRP78 and GRP94 is of interest in this regard. 
There is recent evidence that heat shock - like proteins can be trans- 
located to the cell surface, where they may participate in antigen 
presentation or may be a target for gamma/delta T-cell -directed 
cytotoxicity [75,76]. 

State of keratinocyte differentiation and proliferation Studies have 
shown that human keratinocytes grown in low-calcium- 
containing culture media have greater amounts of cytoplasmic Ro/ 
SS- A antigen as detected by immunofluorescence staining with Ro / 
SS-A autoimmune sera [59]. It is uncertain which of the Ro/SS-A 
antigens are expressed in greater amounts, however. At lower cal- 
cium concentrations, cultured keratinocytes are in a less-differen- 
tiated, more rapidly proliferating state, more like the basal layer 
keratinocytes [77]. This might explain why the more rapidly prolif- 
erating basal keratinocytes appear to be preferentially targeted in 
SCLE and NLE [11,78]. Preliminary evidence indicates that CR is 
expressed at higher levels in rapidly proliferating cells (personal 
unpublished observation). 

There is some evidence that CR can be transiently secreted from 
cells after treatment with calcium ionophores [79], although this 
has not been fully substantiated by others [80]. Recent studies in our 
laboratory employing calreticulin reporter gene constructs have in- 
dicated that calreticulin transcription is markedly augmented in 
A431 cells following treatment with the calcium ionophore iono- 
mycin [72] (personal unpublished observation). Additionally, it has 
been suggested that calcium ionophore treatment of cultured 
human keratinocytes displaces Ro/SS-A antigen to the cell mem- 
brane, although it is uncertain which of the Ro/SS-A antigens is 
(are) so displaced [81]. 

Infection There is considerable evidence that viral infections can 
precipitate or exacerbate autoimmune disease [821. Some work has 
suggested that vitally infected cells in culture displace Ro/SS-A 
antigens to the cell surface, similar to the effects caused by UV light 
[83]. Jianhui and Newkirk have recently presented evidence that 
suggests that human cytomegalovirus (CMV) infection increases 
the expression of CR in MRC-5, a human embryonic lung fibro- 
blast line [84], These studies found that total cellular CR levels 
increased following CMV infection, but the greatest increase in CR 
antigenicity was associated with the plasma membrane. CMV in- 
fection also resulted in increased intracellular levels of the 60- kD 
Ro/SS-A antigen, but similar increases were not observed in the 
plasma membrane. Viral infection has also been shown to displace 
the La/SS-B antigen from the nucleus [85]. 

Polymorphism It is not known whether Ro/SS-A proteins are po- 
lymorphic. Preliminary studies have indicated, however, that the 
CR encoding gene is not highly polymorphic in normal individuals 
by restriction fragment length polymorphism analysis [24]. There is 
evidence of at least two forms of the 60-kD Ro/SS-A encoding gene 
(1 8 - 20]. Kutsch et al have recently reported variability in Ro/SS-A 
displacement to keratinocyte membranes after treatment with cal- 
cium ionophore or tumor necrosis factor alpha, which they suggest 
might arise from genetic differences in the keratinocyte donors [81]. 
It is possible that certain forms of a Ro/SS-A molecule may be more 
immunogenic, expressed at higher levels, or more easily displaced 
to the cell surface where it could participate in immune-mediated 
injury. 

SUMMARY 

With molecular techniques, we have recently learned that there are 
several immunologically distinct Ro/SS-A antigens. Three putative 
Ro/SS-A genes have been isolated and the encoded proteins from 
these three genes have been found to be quite dissimilar. CR, the 
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Figure 4. Model for a dual effect of virus infection on the Ro/SS-A autoim- 
mune response. Infection with viruses that express molecules structurally 
associated with Ro/SS-A molecular subunits could result in translocation of 
Ro/SS-A antigens to the surface of cells. The immune response generated by 
the virus could then recognize the translocated Ro/SS-A antigens at the cell 
surface and mediate cellular damage through niechanisms such as comple- 
ment-mediated lysis or antibody-dependent cell-mediated cytotoxicity. 



46-kD protein, appears to reside predominately in the endoplasmic 
reticulum/ectopias rn, whereas the 52-kD protein most likely re- 
sides in die nucleus. The structure of the 60-kD protein and at least 
one immunofluorescence study suggest that it may also reside pre- 
dominantly in the nucleus, although if it is the authentic hY RNA 
binding protein, it should also reside in the cytoplasm. The Ro/SS- 
A RNP particles are heterogeneous multimeric complexes that may 
include more than one Ro/SS-A molecule, hY RNA, La/SS-B, and 
perhaps other currently undefined molecules. 

Two of the putative Ro/SS-A proteins share significant homol- 
ogy with foreign proteins, suggesting that an immune response 
initially directed against a foreign protein, such as a viral protein, 
may give rise to the autoimmune response directed at cross-reacting 
self Ro/SS-A protein. This, plus the possibility that viral infection 
can alter the normal cellular distribution of Ro/SS-A antigens, 
presents the intriguing paradigm illustrated in Fig 4 where virus 
infection might have a dual impact on the Ro/SS-A autoimmune 
response. 

Work is in progress to determine if there is an association be- 
tween which Ro/SS-A molecules and/or epitopes are targeted by 
patient autoimmune sera and patient diagnosis, clinical course, and/ 
or response to therapy. We arc hopeful that efforts to characterize 
the structures and functions of the Ro/SS-A antigens will further 
elucidate the pathogenesis of the Ro/SS-A autoantibody-associatcd 
diseases and aid in the development of better diagnostic and thera- 
peutic modalities for those afflicted. 



Dr. McCaulijfe is the recipient of a Dermatology Foundation Career Development 
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an NIH Research Career Development Award (AROH84). This work was sup- 
ported by NIH grant AR19101. 
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Abstract 

w have identified « 69-kD peptide autoantigen (ICAg). 

ht rf with i M ulin-dependent ^->«~ mril.tus (IDDM 
byscreeiiiiigahuiiianisletXgtllcU NAexpressionitDrary with 
cytoplasmic islet cell antibody positive sera from relatives or 
IDDM patients who progressed to the overt disease. The de- 
duced open reading frame of the ICA69 cDN A predicts a 483- 
amino add protein. ICA69 shows no nucleotide or amino acid 
sequence relation to any known sequence in^nton^ except 
for two short regions of similarity with BSA. TheICA69 cDNA 
probe hybridizes with a 2-kb mRNA in poly(A + ) UNA from 
human pancreas, brain, heart, thyroid, and kidney, but not with 
skeletal muscle, placenta, spleen, or ovary. Expression of 
ICA69 was also detected in B cells and cell lines, as well as in 
tumoral tissue of islet cell origin. The native ICA69 molecule 
migrates to 69 kD in SDS-PAGE as detected with specific ant.- 
bodies.Serum samples from relatives of IDDM patiente speafi- 
cally reacted with affinity-purified recombinant ICA©9 on 
Western blotting. The structural gene for ICA69 was desig- 
nated ICA1. A homologue in the mouse, designated 
mapped to the proximal end of chromosome 6 (within 6 cM ol 
the Met protooncogene). ICA69 adds a novel autoantigen to 
the family of identified islet target molecules, and by the man- 
ner of its identification and characterization large amounts of 
antigen are available for development of quantitative, conve- 
nient predictive assays for autoantibodies and analysis of the 
role of this molecule in diabetes autoimmunity, as well as its 
physiologic function. (J. Clin. Invest. 1993. 92359-371.) Ke, 
words autoantigens - preclinical diabetes • molecular cloning • 
autoimmunity • ICA69 



Introduction 

There is evidence that insulin-dependent diabetes rnellitus 
(IDDM)' is a chronic autoimmune disease m which the pres- 
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ence of autoantibodies, such as cytoplasmic islet cell antibodies 
or insulin autoantibodies, can be present years before the dini- 
cal onset of the disease ( 1 ) . A common feature of type I dia- 
betes and other autoimmune diseases is a humoral immune 
response characterized by the appearance of autoantibodies 
against cellular proteins, induding islet peptides (2-4)- Al- 
though all the target antigens in type 1 diabetes have not been 
identified, several autoantigens associated with the disease 
have beenmolecularly characterized using differentearjenmen- 

tal approaches, namely insulin (5), glutamic add decarboxyl- 
ase (GAD) (6) , carboxypeptidase H (7), as well asthe glycohp- 
lot GT3 (8) and GM2-1 (9). Recently, cDNA encodingfor a 
fragment of carboxy peptidase H (7), a granule-assocwteden- 
zyme has been reported to react with sera from prediabet.c 
patients and another peptide expressed in a Xgt 11 Phagefrotna 
human islet library appears to be recognized by IDDM sera 
, in) Cellular proteins of unknown sequence whose molecular 
niasses are 38 ( 1 1 ), 52 ( 12), and 69 kD ( 13), have also been 
reported to be recognized by a humoral and/or a cellular im- 
mune response. It is of interest that almost all patentswrth 
type I diabetes have elevated levels of IgG ant.-BSA ant.bod.es 
related to a 69,000- A/ r islet peptide, which may represent a 
target antigen for cow milk-induced islet autoimmunity 

^The^rjresent study was undertaken to isolate clones that 
code for some of these or other unidentified autoanUgensand 
characterize their molecular structure. IsolaUon of cDNA 
dones expressing antigenic determinants has been extensively 
used to identify clones coding for autoantigens m different au- 
toimmunediseases(16). This approach offers the possibihty of 
identifying and characterizing novel autoantigens that maybe 
of restricted cellular distribution as well as low cellular expres- 
sion (17). Such prolans may not be detected by routine 
screening tests such as immunofluorescence or immunoprecipi- 

^ We have used this approach to immunoscreen a human 
islet Xgtl I expression library with a pool of sera from predia- 
betic relatives of IDDM patients, identify, sequence the clones, 
and characterize the expressed proteins. In this report, we de- 
scribe the cloning of a cDNA that encodes a novel islet autoan- 
tigen, whose apparent migration is 69 kD on SDS-polyacryl- 
amide gel chromatography. 

Methods . 

Serum samples. Sera were obtained from ^ 
tients with type 1 diabetes. All of them were at tugh ns* : of ***** 
IDDM. and some have already P"*^^^££^£ 
spectiverollow. U p.Clinical studies ^Pf^^£SSo- 
sent, as well as approval from the Joshn Clinic and Un 
rado institutional review boards. All the sera used for th * J~3£ 
thehuman islet Xgt II library expressed ■*^ rf "^ , !£25J 
(> 80 Juvenile Diabetes Foundation units). The sera 
absorbed with a protein lysate of a wild Xgtl I phage-mfected E*M- 
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richia coli strain YI090 ( 18) to remove anti-E. coli antibodies. Ab- 
sorbed antibodies were stored at -20°C in the presence of 0.05% so- 
dium azide until used for immunological screening. Originally, a pool 
of three sera was used to identify positive clones, and subsequently sera 
of three other relatives were studied for reactivity with the positive 
clone. 10 sera of normal individuals were also tested for reactivity with 
the positive done. Sera from additional prediabetic relatives (subjects 
followed to diabetes onset) (n = 23), autoantibody positive but 
currently nondiabetic relatives (« » 31), and normal controls (n = 70) 
were tested for reactivity to the expressed molecule on Western blots. 

\gtll expression libraries. Two Xgtl 1 libraries were used, a human 
islet library provided by Dr. Alan Permutt (Washington University, St 
Louis, MO) and a human insulinoma library generated by Alvin C 
Powers ( Vanderbilt University, Nashville, TN). A human Xgtl 1 islet 
library was constructed from human islet poly(A + ) mRNA by Clon- 
tech (Palo Alto, CA), with — 1 X 10 9 plaque-forming units (pfii)/ ml 
and 85% being recombinants. A human insulinoma library was gener- 
ated from insulinoma poly( A * ) mRNA and then cDN A was produced 
and packaged into the Xgtl 1 phage( 19), with — 1.3 X 10* pfu/ml and 
a recombinant rate of more than 80%. 

Screening of Xgtl I expression libraries with antibody and cDNA 
probes. A phage human islet Xgt 1 1 expression library was screened with 
a pool of sera from preclinical IDDM relatives (20). Isolated recombi- 
nant phages were plated on Luria-Bertani (LB) agar plates ( 150 mm 
diameter) with E. coli strain Y 1 090 at — 0.5- 1 x 10 4 pfu /plate. After 
a 3-h incubation at 42*C, a nitrocellulose alter (Schleicher & Schuell, 
Keene, NH) saturated with 10 mM isopropyl-^-r>thiogalactopyrano- 
side (IPTG) ( BRL, Grand Island, NY) was overlaid on the agar over- 
night at 37°C to induce the expression of £-galactosidase fusion pro- 
teins. After that, the filters were blocked with 1% BSA (Sigma Immuno- 
chemicals, St Louis, MO) in Tris-buffered saline (TBS), incubated 
containing 0.05% Tween, incubated for 2 h at room temperature), and 
then incubated with 1/500 diluted sera overnight at 4°C After several 
washes with TBS, the bound antibodies were detected by incubation 
with anti-human IgG alkaline phosphatase (Cappel Laboratories, 
Durham, NC) diluted 1/100 (2 b at room temperature). A phage 
human islet Xgtl 1 expression library was initially screened with pooled 
sera from three prediabetics. The original positive plaque was reptated 
and rescreened sequentially until all progeny of plaques were recog- 
nized by the sera. To determine whether prediabetic sera or controls 
reacted with the product of the clone and to reduce the possibilities of 
false positivity, plaque-purified recombinant bacteriophage was mixed 
~ 1:1 with a wild-type Xgtl 1 and plated with £. coli Y1090 as for 
screening. Pieces of nitrocellulose carrying plaque proteins were then 
incubated with individual sera. Reactions were considered positive if 
significant staining of ~ 50% of the plaques was observed. Intensity of 
staining was estimated to score reactivity of individual sera on a 0 
(negative) to 4+ (strongest) scale. The cDNA insert of the original 
positive clone, termed PMl/I (Fig. 1 B), was used as probe to further 
screen the human islet library and a human insulinoma library by 
plaque hybridization (21) to obtain several longer and overlapping 
cDNA clones. The probe was labeled with [a^PldCTP by random 
priming ( 2 1 , 22 ) using Klenow fragment ( Amersham Corp., Arlington 
Heights, IL) and used to rescreen the libraries. 

Amplification of Xgt II cDNA insert and cloning. The Xgtl 1 cDNA 
insert from the positive clones was amplified by PCR (23, 24) using 
Xgtl I primers complementary to the 0-galaclosidase portion of the 
Xgtl I template (primer 1218: 5 '-GGTGGCGACG ACTCCTGG AGC- 
CCG-3'; primer 1222: 5'-TTGACACCAGACCAACTGGTAATG-3', 
New England Biolabs, Beverly, MA). Reaction mixtures for PCR (0. 1 
ml) contained cDNA template, 100 pmol each of the primers, and 2.5 
U of Tag I DNA polymerase ( Perkin-EImer Cetus Instruments, Nor- 
walk, CT) in 10 mM Tris/HCl, pH 8.3, 50 mM KG, 1.5 mM MgCl, 
containing dNTPs at 0.2 mM each and 0.01% gelatin. Reactions were 
carried out in a thermal cycler (Perkin-EImer Cetus) for 30 cycles of 
denaturation (92°C I min), annealing (60°C 1-5 min), and elonga- 
tion (72°C, I min). After Eco Rl digestion and fractionation on 1% 
agarose gel stained with ethidium bromide to visualize the PCR prod- 
ucts, the product of interest was excised, purified, and subcloned into 



the Eco RI site of pBluescript II vector. This vector was used to trans- 
form E. Coli strain XL 1 Blue, and to sequence the PCR products across 
its polyl inker arms ( Stratagene, La Jolla, CA ). cDNA samples for PCR 
were obtained from phage suspension. 

DNA sequencing and computer analysis of nucleic acid and protein 
sequences. Nudeoudc sequences were determined by using thedideoxy- 
nucleotide chain termination method of Sanger et al. (25), using T7 
DNA polymerase (Sequenase; United States Biochemical Corp., Cleve- 
land, OH ). To avoid compression in G + C-rich sequences, additional 
sequencing reactions were performed with dlTP alternating with 
dGTP(26). 

Sequences were aligned and analyzed using the EUGENE, SAM, 
PIMA.SH, and PROSITE programs. The GenBank (DNA and Amino 
Acid Databank) was searched for similarities, and the PLSEARCH 
program analyzed for protein sequence patterns derived from the se- 
quences of homologous protein families ( Molecular Biology Comput- 
ing Research Resource, Dana Farber Cancer Institute, and Harvard 
School of Public Health, Cambridge, MA). Hydropathy plots from the 
deduced amino acid sequence were prepared as described by Kyte and 
Doolittle (27, 28) and Klein et al. (29). 

Cell lines. Cells were used at late log phase, when almost all were 
viable. RIN 1046-38, derived from a rat insulinoma ( kindly provided 
by Christopher Newgard, Southwestern Medical Center, University of 
Texas, Dallas, TX), were cultured in DME supplemented with 10% 
FBS, and 5.6 mM glucose in a humidified atmosphere of 10% C0 2 / 
90%airat 37°C(30)./3TC-I andaTC-1 were derived from progeny of 
transgenic mice expressing SV40 large T-antigen under control of the 
rat insulin II 5 -flanking region or rat preproglucagon 5 -flanking re- 
gion respectively (31-33). The 0TC- 1 and aTC-6 cell lines were main- 
tained in DME supplemented to a final concentration of 16.5 mM 
glucose and supplemented with Eagle's MEM, nonessential amino 
acids component, 44 mM sodium bicarbonate, 15 mM Hepes, 50 /ig/ 
liter gentamictn sulphate, and 10% heat-inactivated FBS in a humidi- 
fied atmosphere of 5% C0 2 /95% air. HIT cells, derived from a hamster 
insulin producing ceil line (34), were grown in 5% C0 2 /95% air in 
RPMI 1640 medium containing 10% PCS and 1 1 . 1 mM glucose. HeLa 
cells ( ATCC CCL 2.2; American Type Culture Collection, Rodcville, 
MD) (35), JEG cells (human choriocarcinoma; ATCC HTB 36) (36), 
and HepG2 cells ( human hepatoma; ATCC HB 8065 ) (37) were main- 
tained in RPMI 1640 supplemented with 10% FCS, 2 mM L-glutamine 
and 5 jig/ml gentamicine sulfate in 10% COj/90% air incubator. A 
human islet carcinoid cell line designated BON- 1 (provided by Dr. 
Cortney Townsend, Department of Surgery, University of Texas Medi- 
cal Branch, Galveston, TX ) was maintained in DME with 10% heat-in- 
activated FCS and 5.6 mM glucose in a humidified atmosphere of 10% 
CO 2 /90% air. 

RNA isolation and Northern analysis. Total RNAs and poly(A + ) 
RNAs from various tissues and cell lines were prepared by the guani- 
dinium isothiocyanate method, enriched for the polyadenylated (poly- 
A) fraction with an oligo(dT)-cellulose column and analyzed on 
Northern blots according to standard procedures (38 ). The hybridiza- 
tion was carried out for 18 h at 42°C in the prehybridization buffer 
(50% formamide, 5X SSPE [IX SSPE consists of 150 mM Nad, 10 
mM sodium phosphate, and I mM EDTA, pH 7.4 J), 5x Denhardt's 
solution. 100/ig/ml denaturated salmon sperm DNA, and 0. 1% SDS) 
(18) containing l« M P)dCTP labeled cDNA purified probe. The 
probes consisted of either a 0.95-kb fragment from the original PM I / 1 
positive clone identified, or a 1.78-kb gtl 1 insert from an overlapping 
clone; 100 ng of each probe was labeled by the random priming 
method. 100 ng of a 2-kb human 0-actin cDNA was used as control 
probe (39). The fresh hybridization solution contained the denatured 
radiolabeled DNA probes at a concentration of 2-4 x I0 6 cpm/ml with 
a specific activity ^ 5 X 10* cpm/pg ( 1 8, 40) . The nitrocellulose filters 
were washed in three changes of 2x SSC and 0.05% SDS at room 
temperature each time. The final three washes were carried out in 0. 1 X 
SSC and 0. 1% SDS from room temperature to 65°C depending upon 
the stringency conditions required for each experiment. Filters were 
exposed to Kodak film at -80°C with intensifying screens. Ribosomal 
bands were used as size markers (4 1 , 42 ). 
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Preparation of anti-ICA69 antibodies from synthetic peptides and 
from the purified molecule. Rabbit antibodies were produced using syn- 
thetic peptides from the deduced amino acid sequence as well as the 
ICA69 recombinant expressed molecule. Rabbits were immunized in 
order to generate antibodies against specific domains (28 t 43). Two 
regions of the molecule, one corresponding to the COOH terminus, 
residues 471-483: GKTDKEHELLNA, and one to an internal poly- 
peptide close to the COOH terminus, residues 458-470: 
ADLDPLSNPDAV, and the serum generated against the whole mole- 
cule, were used and found to yield antisera which reacted with the 
native ICA69 molecule on Western blots (44). The synthetic polypep- 
tides were coupled to a carrier protein, keyhole limpet hemocyanin 
linked to bromoacetyl bromide. Five female New Zealand white rab- 
bits were immunized with 1 mg of the keyhole limpet hemocyanin- 
peplide conjugate suspended in 1 ml of complete Freund's adjuvant 
Rabbits were boosted three times with 1 mg of the specific polypeptide 
in incomplete Freund's adjuvant at 30-d intervals and serum samples 
were collected and stored in aliquots at -20°C An EL1SA was used to 
detect specific antipeptide antibodies. 

Indirect EUSA. Indirect ELISA was performed for the detection of 
specific antibodies generated in rabbits against ICA69 polypeptides 

(45) . 1 v% of specific polypeptide was used to coat each well of a micro- 
liter plate (Immulon; Dymatech Laboratories, Inc., ChantiHy, VA) 

(46) , and after blocking residual binding of the plate with a PBS solu- 
tion containing 1 % BSA for 2 h, appropriate dilutions of rabbit pre- and 
postimmune sera were added to each well ( 1 : 100-1:32,000) and incu- 
bated overnight All dilutions were tested in triplicate. After washing 
away unbound antibodies, a solution containing anti-rabbit IgG 
(whole molecule) peroxidase conjugate (Sigma Immunochemicals) as 
developing reagent was added to the wells. After 2 h incubation, un- 
bound conjugate was washed away and a substrate solution (o-phenyl- 
enediamine dihydrochloride) (Sigma Immunochemicals), was added. 
A specific hyperimmune serum raised to another polypeptide (PEP-80, 
of the IRS- 1 molecule kindly provided by Dr. M. White, Joshn Dia- 
betes Center) ( 47 ) and preimmune sera from normal rabbits were used 
in each assay as positive and negative controls respectively. The optical 
density of the solutions in the wells was measured with a spectropho- 
tometer through a 405-nm filter. 

SDS-PAGE and immunoblotting. Cell line extracts and total ho- 
mogenates of rat brain tissues were prepared as described by Laemmli 
(48). Cell line extracts and totai-homogenate proteins were separated 
by SDS-PAGE using a constant voltage of 1 80 V for 4 h through stack- 
ing and the resolving gel. Bromophenol blue was included in the sam- 
ple buffer to visualize buffer front A mixture of individually colored 
and purified proteins were used as protein standards ( Rainbow®* pro- 
tein Molecular Weight Markers, Amersham Corp.): myosin, mol wt 
200,000, blue; phosphorylase b, mol wt 97,400, brown; BSA, mol wt 
69,000, red; ovalbumin, mol wt 46,000, yellow, carbonic anhydrase, 
mol wt 30,000, orange; trypsin inhibitor, mol wt 21,000, green; and 
lysazyme, mol wt 14,300, magenta. Homogenate protein concentra- 
tions were determined by Lowry's method (Pierce Chemical Co., 
Rockford, IL) and 4-50 /ig of proteins per lane (depending on the size 
of the PAGE) were run on a 10% SDS-PAGE under reducing condi- 
tions. Proteins were then transferred onto nitrocellulose according to 
Towbin et al. (49) in transfer buffer ( 12.5 mM Tris, 96 mM glycine, 
20% methanol) for 1 h on a semi-dry electrophoretic transfer cell at 15 
V. The nitrocellulose was cut into strips, and incubated for 2 h at 37°C 
in 5% (wt/vol) nonfat dried milk diluted in PBS (Blotto buffer) to 
block the nonspecific binding sites. The nitrocellulose strips were then 
incubated with a 1: 100 dilution of a rabbit anti-ICA69 antiserum and 
then washed in 5% (wt/vol) nonfat dried milk diluted in PBS adding 
Tween 20 to a final concentration of 0.01%. After incubation of the 
filters at room temperature for 2 h with l23 I-Protein A (Amersham 
Corp.) to detect the rabbit anti-ICA69 antibodies, unbound ,25 l-Pro- 
tein A was removed by washing as described above. Blots were exposed 
to Kodak film al -80°C with intensifying screens for 12-24 h. 

Expression of the recombinant ICA69. PM1/3 clone cDNA was 
amplified by PCR. The PCR product was generated using a primer 
spanning the PMI /3 start codon and encoding the first eight amino 



acids (5-TCAGGACACAAATGCAGTTATCCC-3'), and a primer 
containing the codon sequence for the last seven amino acids, a transi- 
tional stop codon and a Hindlll restriction site ( 5 '-TTTAAGCTTTCA- 
TGCATTGAGCAATTCGTGTTC-3') . The pMAL-c vector ( 50, 5 1 ), 
which encodes for maltose binding protein as product of the malE 
gene, was cut with StuI and HindlH restriction enzymes and ligated 
with the PM1/3 PCR product. The constructs were then transfected 
into the appropriate E. coli, strain TBI (52). Ampicillin-resistant colo- 
nies were grown overnight in 3 ml LB medium containing 100 Mg/ml 
ampicillin. lOOjilofTBl pMAl^-PMl/3transformants were diluted 
in 1 ml LB/ampicillin medium and grown 1 h at 37°C followed by 
induction with 1 mM IPTG for 2 h. Lysates were prepared by centrifu- 
gation of 200 y\ bacterial cultures for I min and boiling the cell pellet 
with 50 m1 SDS sample buffer with 5% mercaptoethanol. After SDS- 
PAGE of lysates ( 10 it\) with and without IPTG induction, gels were 
stained with Coomassie blue. One colony expressing a protein whose 
molecular mass migrated ~ 105 kD was identified, and the correct size 
of the insert was confirmed by restriction analysis. 

Another vector system was used to express the purified recombi- 
nant ICA69 protein without maltose binding protein. The coding re- 
gion of the PMI /3 cDNA done, was amplified by PCR using the 
primers 5 '-GAAGGATCCATGTCAGG ACACAAATGCAG-3 ' and 
5 '-GGTCTCGAGTCATGCATTG AGCAATTCGTG-3 ' and cloned 
into the BamHI and Xhol sites of the expression vector 
pTrc99A (His*). This vector was constructed by insertion of asynthetic 
DNA fragment encoding six histidines ( [CAC] 6 ) into the polylinker of 
pTrc 99A (53). Recombinant proteins were tagged with six histidine 
residues at the NH 2 terminus. The plasm id construct was transformed 
into £. co//-Tg I and protein expression was induced by the addition of 
IPTG to the culture medium. After 2 h at 37°Q bacteria were iysed in 
100 mM Tris pH 8.0, 6 M GuHO, and 10 mM DTT, and insoluble 
material was removed by centrifugation at 40,000 g for 30 rain. Recom- 
binant (His)«-1CA69 was purified using Ni-NTA-agarose (Qiagen, 
Chatsworth, CA) in the presence of 6 M GuHO, 1 mM DTT buffer. 
The correct size of the ICA69 cDNA in the vector was confirmed by 
sequencing. 

Lysates containing ICA69 and maltose binding protein fusion pro- 
tein, as well as the purified recombinant ICA69, have been used as 
source for performing Western blots with control sera such as rabbit 
anti-ICA69 sera (pre- and postimmune), human control sera, and pre- 
diabetic sera at a dilution 1:100. Optical density of the bands corre- 
sponding to the ICA69 fusion protein and the affinity-purified ICA69 
has been evaluated to quantitate the reactivity of the serum samples to 
ICA69 using a video densitometer (Bio Rad Laboratories, Hercules, 
CA), and the results were expressed as relative densitometric units. 

Invnunohistochemistry. Immunohistochemistry has been per- 
formed in formalin fixed rat pancreas paraffin embedded sections (4 
tim thickness). A double immunoenzymatic labeling of rat islet cellu- 
lar constituents has been performed ( 54, 5 5 ) using as detection system 
horseradish peroxidase antiperoxidase (PAP) and alkaline phospha- 
tase-antialkaline phosphatase (APAAP). The PAP immune complex 
served for the identification of ICA69, whereas the APAAP complex 
for the identification of insulin, glucagon and somatostatin. After re- 
moval of paraffin and rehydratation of tissue, the pancreas sections 
were first treated with an hydrogen peroxidase solution to suppress 
possible endogenous peroxidase activity. This was followed by an incu- 
bation with normal serum to quench nonspecific protein binding to 
certain tissue elements, and then the sections were incubated with a 
primary antibody mixture (rabbit anti-ICA69 antibody generated to 
the whole molecule, and a mouse mAb generated insulin [HPI-005 1 to 
glucagon IGLU 001], or anti-ICA69 and a mouse mAb generated to 
somatostatin ISOM 018] [Novo Nordisk, Denmark]) for 30 min at 
room temperature. Unbound antibodies were washed with TBS. Anti- 
body to target antigens (primary antibody), antibody to the primary 
antibody (link antibody: swine anti-rabbit for ICA69, or goat anti- 
mouse for antiinsulin, antiglucagon or antisomatostatin mAbs), 
APAAP and PAP reagents ( Dako Corp., Santa Barbara, CA ) were ap- 
plied sequentially for simultaneous double staining. The color develop- 
ment was stopped by washing the slides thoroughly in deionized water. 
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3 CGGGCGGGGGATACCCCAGGAGATGGGGGTCGAG<5AGAGACCCCGCGGAG 



178 
12 

Met Ser Gly His 4 



TTT GAC AAA TTG AAG ATG GAT GTG TGT 
Phe Asp Lys Leu Lys Met Asp Val Cys 



87 
29 



AAA TGC ACT TAT CCC TGG GAC TTA CAG GAT CGA TAT GCT CAA GAT AAG TCA GTT GTA AAT AAG ATG CAA CAG AGA 
Lys Cys Ser Tyr Pro Trp Asp Leu Gin Asp Arg Tyr Ala Gin Asp Lys Ser Val Val Asn Lys Met Gin Gin Arg 

TAT TGG GAG ACG AAG CAG GCC TTT ATT AAA GCC ACA GGG AAG AAG GAA GAT GAA CAT GTT GTT GCC TCT GAC CCC 
Tyr Trp Glu Thr Lys Gin Ala Phe lie Lys Ala Thr Gly Lys Lys Glu Asp Glu His Val Val Ala Ser Asp Ala 

GAC CTG GAT GCC AAG CTA GAG CTG TTT CAT TCA ATT CAG AGA ACC TGT CTG GAC TTA TCG AAA CCA ATT GTA CTC 
Asp Leu Asp Ala Lys Leu Glu Leu Phe His Ser He Gin Arg Thr Cys Leu Asp Leu Ser Lys Ala He Val Leu 

CK2 

TAT CAA AAG AGG ATA TGT TTC TTG TCT CAA GAA GAA AAC GAA CTG GGA AAA TTT CTT CGA TCC CAA GGT TTC CAA 
Tyr Gin Lys Arg He Cys Phe Leu Ser Gin Glu Glu Asn Glu Leu Gly Lys Phe Leu Arg Ser Gin Gly Phe Gin 

GAT AAA ACC AGA GCA GGA AAG ATG ATG CAA GCG ACA GGA AAG GCC CTC TGC TTT TCT TCC CAG CAA AGG TTG GCC 
Asp Lys Thr Arg Ala Gly Lys Met Met Gin Ala Thr Gly Lys Ala Leu Cys Phe Ser Ser Gin Gin Arg Leu Ala 

TTA CGA AAT CCT TTG TGT CGA TTT CAC CAA GAA GTG GAG ACT TTT CGG CAT CGG GCC ATC TCA GAT ACT TGG CTG 
Leu Arg Asn Pro Leu Cys Arg Phe His Gin Glu Val Glu Thr Phe Arg His Arg Ala He Ser Asp Thr Trp Leu 

ACG GTG AAC CGC ATG GAA CAG TGC AGG ACG GAA TAT ACA GGA GCA CTA TTA TGG ATG AAG GAC GTG TCT CAG GAC 537 
Thr Val Asn Arg Met Glu Gin Cys Arg Thr Glu Tyr Arg Gly Ala Leu Leu Trp Met Lys Asp Val Ser Gin Glu 179 

CTT GAT CCA GAC CTC TAC AAG CAA ATG GAG AAG TTC AGG AAG GTG CAA ACA CAA GTG CGC CTT GCA AAA AAA AAC 612 
Leu Asp Pro Asp Leu Tyr Lys Gin Met Glu Lys Phe Arg Lys Val Gin Thr Gin Val Arg Leu Ala Lys Lys Asn 204 

687 
229 
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54 
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79 



312 
104 



387 
129 



462 
154 



CAA AAA GTG GAT CTT CTT GGA GCG AGC AGA TGC AAT CTC TTG TCT CAC 
Gin Lys Val Asp Leu Leu Gly Ala Ser Arg Cys Asn Leu Leu Ser His 

ATG CTA GCA ACA TAC CAG ACC ACT CTG CTT CAT TTT TGG GAG AAA ACT TCT CAC ACT ATG GCA GCC ATC CAT GAG 
Met Leu Ala Thr Tyr Gin Thr Thr Leu Leu His Phe Trp Glu Lys Thr Ser His Thr Met .Ala Ala He His Glu 
PKC PKC CK2 

AGT TTC AAA GGT TAT CAA CCA TAT GAA TTT ACT ACT TTA AAG AGC TTA CAA GAC CCT ATG AAA AAA TTA GTT GAG 
Ser Phe Lys Gly Tyr Gin Pro Tyr Glu Phe Thr Thr Leu Lys Ser Leu Gin Asp Pro Met Lys Lys Leu Val Glu 

AAA GAA GAG AAG AAG AAA ATC AAC CAG CAG GAA AGT ACA GAT GCA GCC GTG CAG GAG CCG AGC CAA TTA ATT TCA 
Lys Glu Glu Lys Lys Lys He Asn Gin Gin Glu Ser Thr Asp Ala Ala Val Gin Glu Pro Ser Gin Leu He Ser 

TTA GAG GAA GAA AAC CAG CGC AAG GAA TCC TCT AGT TTT AAG ACT GAA GAT GGA AAA AGT ATT TTA TCT GCC TTA 
Leu Glu Glu Glu Asn Gin Arg Lys Glu Ser Ser Ser Phe Lys Thr Glu Asp Gly Lys Ser He Leu Ser Ala Leu 

GAC AAA GGC TCT ACA CAT ACT GCA TGC TCA GGA CCC ATA GAT GAA CTA TTA GAC ATG 
Asp Lys Gly Ser Thr His Thr Ala cys Ser Gly Pro He Asp Glu Leu Leu Asp Met 
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Figure /. [a) Complete nucleotide and deduced amino acid sequence of the ICA69 molecule. Underlined are the first upstream in frame stop 
codon < 7VI.I) at nucleotide -75 and the polyadenylation signal 29 bp upstream of the poly(A) tail. Homologous subunits with BSA are in 
boxes. A potential N-linkcd glycosylation site is indicated by an asterisk. Potential phosphorylation sites are as follows: PKC (protein kinase C). 
CK2 (casein kinase II). and AMP (cAMP/cGMP-dependent kinase). A potential amidation site is indicated as AMD. {b) Strategy for se- 
quencing cDNA encoding ICA69 polypeptide and partial restriction map. Sequencing was performed with synthetic oligonucleotide pnmers, 
and the direction of sequencing is indicated by arrows. Restriction sites are: A, AccII; B, Bglll: H, HgiAl: M, Maell; and N. Ndel. The poly( A) 
tail [AAAA ) was found in the PM 1 /3 clone. The coding region is indicated by solid bars and 5' and 3' untranslated regions are represented by 
empty bars. These sequence data are available from Gen Bank under accession number LOI 100. 



The sections were then counterstained with Mayer's hematoxylin. Cov- 
erslips were mounted with an aqueous mounting medium without alco- 
hol (Glicergel; Dako Corp.). 

Mapping of the mouse homohgue of lca-1. Presence of a homolo- 
gous locus in the mouse genome {lca-l] was established by analysis of 
Southern blots of kidney DNA from the NOD (nonobese diabetic) 
mouse digested with a variety of restriction endonucleases and probed 
with the PM 1/1 cDNA insert according to the procedure described in 
detail elsewhere (56). An Xbal restriction fragment length variation 
(RFLV) distinguishing the Ica-l locus in the diabetes-susceptible 
NOD/Lt (— 8 kb fragment) from the related, but diabetes-resistant 
NON / tt strain ( — 11 kb fragment), was used both to assign a chromo- 
somal location and to assess whether a gene conferring susceptibility to 
IDDM was closely linked to the NOD/Lt allele of Ica-l. Segregation of 
this Ica-l RFLV was studied in a panel of kidney DNAs prepared from 
19 first backcross diabetic mice from an NOD/U X NON/Lt outcross 
previously typed for other DNA markers ( 57 ), plus kidney DNAs from 
40 diabetic F2 mice produced in an outcross between NOD/Lt and a 
diabetes-resistant NON/Lt stock congenic for the diabetogenic J/-2* 
haplotype of NOD (NON.NOD-H-2* 7 ) (58). A Hindlll RFLV distin- 
guished NOD/Lt ( - 8.5 kb fragment ) from both NON/Lt and NON- 
NOD-H-2 17 ( ~ 7.8 kb fragment). Comparison of the lca-1 segregation 
pattern with previously typed markers indicated that this locus was 
linked to the Met protooncogene on proximal chromosome 6. To con- 
firm this putative linkage, segregation of D6Rck2. D6MU1, and 
D6MU16 was assessed by PCR using the oligonucleotide primer se- 
quences described by Dietrich et al ( 59). The recombination frequen- 
cies reported represent a weighted average using the information func- 
tion (60). . 

Statistical analysis. Differences between groups of relatives and 
controls were analyzed by Wilcoxon rank sum test. 

Results 

Isolation ofcDNA clones encoding the ICA69 molecule. A hu- 
man islet Xgtl 1 expression library was immunoscreened with a 
pool of sera from three prediabetic relatives of IDDM patients, 
which contained a high titer of cytoplasmic islet cell antibodies. 
Approximately 0.4 X 10 6 plaques were screened and a single, 
consistently positive 0.95 kb clone, designated PM 1/1, was 
identified. Fusion protein from the purified clone induced by 
IPTG, reacted with three out of six ICA positive prediabetic 
subjects' sera (individually tested at 1:500 dilutions of the 
sera), whereas no reaction was obtained with 10 control indi- 
vidual sera. A labeled cDN A probe derived from the PM 1 / 1 
clone was used to screen both a human Xgt 1 1 islet library and a 
human insulinoma Xgt II library to obtain the full-length 
cDNA. Screening - 6.5 X I0 4 pfu, two additional hybridizing 
and overlapping clones were identified from the human islet 
Xgtll expression library, both of which retained specificity 
after secondary and tertiary screening to 100% purity. DNA 
sequence analysis (see below) confirmed that the clones con- 
tained fragments of the same gene. 

DNA sequence. After PCR amplification and subcloning 
into pBluescript H vector, partial sequence indicates that the 
smallest overlapping clone ( PM 1 /2), whose size is 0.6 kb, re- 
veals sequence totally contained within the original sequenced 
PM1/I insert (Fig. 1 B). The results of sequencing both cDNA 
strands of the longest clone (PM1 /3), whose size is 1.78 kb, 
indicates complete identity in the region of the molecule over- 
lapping with the two clones and sequence not contained within 
the previous clones. 

Analysis of the nucleotide sequence 1 ,785 bp cDN A reveals 
a 1 ,449-bp open reading frame coding for 483 amino acids and 
ending in a poly( A) tail 29 bases downstream of the canonical 



polyadenylation signal (AATAAA). Translation of the ICA69 
message putatively initiates from the first in frame ATG ac- 
cording to the criteria defined by Kozak (61). Upstream from 
the first ATG, there is an in frame stop codon (TAA) at -75 bp 
(Fig. 1 A ). The predicted open reading frame from the deduced 
ATG start codon, codes for a protein with an estimated linear 
relative molecular mass of 54,600, which contains one poten- 
tial N-linked glycosylation site. 

Using computer programs to search databases of known 
nucleic acid or amino acid sequences, no significant similari- 
ties were found except for minimal homology with BSA, im- 
plying that our sequence was new and unique. Two short re- 
gions of bovine but not human serum albumin precursor ap- 
pear to have similarities with the ICA69 molecule (Fig. 2) . 

A hydrophobicity plot generated from the ICA69 inferred 
amino acid sequence reveals a number of slightly hydrophobic 
regions, alternating with several very hydrophilic segments, 
which suggests that the molecule does not contain any mem-, 
brane spanning domain, according to the criteria defined by 
both Kyte and Doolittle (27, 28) and Klein et al. (29). The 
segments of hydrophobicity appear not to be long enough to be 
potential transmembrane-spanning regions. The molecule is 
predominantly hydrophilic, with 27% of its amino acid resi- 
dues positively or negatively charged. 

Analysis o/ICA69 transcripts in normal and tumor cells. 
The cDNA derived from two clones (PM 1/1, PM 1/3) was 
used to probe for transcripts in human and animal tissues and 
in several cell lines by Northern analysis (Figs. 3 and 4) . Probes 
consisting of 0.95 kb (PM1/1) and 1.78 kb(PMl/3) hybrid- 
ized with a 2-kb mRNA band in islet-derived cell lines, and in 
some tissues, with a 2.7-kb band. Fig. 3 shows a Northern blot 
of ICA69 transcripts in human tissues. A 2-kb poly( A + ) RNA 
band was detected in abundant amounts in both human pan- 
creas and heart, and then in brain, and in small amounts in 
lung, liver and kidney, but not in placenta and skeletal muscle. 
In brain and heart, an additional 2.7-kb band is visible. A 2-kb 
poly( A + ) RNA band was also detected in human thyroid, but 
not in ovary and spleen (not shown). The 0-actin control 
probe hybridized with a 2-kb band in all tissues with different 
intensity, and with a smaller band ( 1 .6 kb) in both heart and 
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Figure 2. Regions of similarities between ICA69 molecule. BSA. and 
human serum albumin precursor {HS.4). Solid line encloses identical 
amino acid residues. Dashed line encloses amino acid residues with 
similar charge. Numbers correspond to the amino acid residue num- 
bers. 
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Figitre J. Northern blot 
analysis of poly(A + ) 
RNA from different hu- 
man tissues hybridizing 
with the 0.95-kb cDNA 
insert of the PM 1/1 
clone. The po!y(A*) 
RNA was obtained from 
Clontech. 2 fig of pure 
poly( A * ) RNA from 
each tissue was applied 
and resolved on dena- 
turating gd as described 
under Methods. Lane 
/. human heart; lane 2, 
human brain; lane J, 
human placenta; lane 4, 
human liver; lane 5, 
human lung lane 6, hu- 
man skeletal muscle; 
lane 7, human kidney; and lane 8. human pancreas. The same blot 
was rehybridized with a human 0-actin cDNA control probe to show 
that the mRN A was not degraded. Hybridization and washing were 
performed with identical conditions in the two different experiments. 
The blot was exposed for 4 h (0-actin cDNA probe) and 24 h ( PM I / 
I cDNA probe) at -80°C with intensifying screen. 



skeletal muscle. This is because /5-actin is not expressed in 
equal amount in all tissues and because there are two forms of 
0-actin mRN A in both heart and skeletal muscle ( 2 and 1 .6 kb) 
(40). The labeled cDNA PMI/I insert hybridizes with a 2-kb 
mRN A band in total RNA from rat pancreas, brain, and cere- 
bellum and kidney (in the last three tissues, also with a 5-kb 
band). In contrast, no ICA69 transcripts were detectable in rat 
spleen, thymus, bowel, lymph nodes, and salivary gland (not 
shown). The heterogeneity of mRN A size among tissues may 
be caused by an alternative splicing of the ICA I gene. As shown 
in Fig. 4, the 2-kb ICA I transcript was detected in total RNA 
from human insulinoma and from a variety of endocrine cell 
lines, such as a human islet carcinoid cell line (BON-I), a 
hamster insulin-producing cell line (HIT), and three rodent 
islet cell lines, namely the rat RIN 1046-38 insulinoma cell 
line, the mouse 0TC-I (producing primarily insulin, but also 
some glucagon, and which shows a transcript after longer expo- 
sure than shown in Fig. 4), and the mouse otTC-6 (glucagon- 



producing clonal line). No ICA I transcripts were detected in 
total RNA from three human nonislet cell lines, namely 
HepG2-hepatoma, HeLa-cells, and JEG-choriocarcinoma 
(Fig. 4). 

Immunoblotting. Western blots of cell line extracts (RIN 
1046-38, BON- 1 ) and brain tissue homogenate revealed a spe- 
cific band of 69 kD after incubation with rabbit antibodies 
raised to the COOH terminus of ICA69 and an internal poly- 
peptide. Ftg. 5 illustrates that rabbit antiserum (rabbit number 
1 ) raised against the COOH terminus of the molecule specifi- 
cally reacted with a protein of 69 kD in RIN 1046-38 and 
BON-1 (visible after longer exposure than shown in Fig. 5) 
total cell homogenate, but not with HeLa cell line homogenate. 
The specific 69-kD band disappears after absorption with the 
polypeptide against which specific antibodies were produced. 
The control serum from the same rabbit before the polypeptide 
immunization does not show any 69-kD reactivity. The same 
specific 69-kD reactivity was also detectable in rat brain total 
homogenate (not shown), and also using hyperimmune sera 
generated to an internal polypeptide as well as antiserum pro- 
duced against the whole ICA69 molecule (see Methods). Since 
the deduced amino acid sequence of ICA69 is 483 residues with 
an estimated relative molecular mass of 54,600, the difference 
between the Western blot size of the protein fractionated in the 
SDS-PAGE and the estimated size based on the deduced 
amino acid sequence is likely caused by an aberrant migration 
of the RIN and the brain tissue proteins in SDS-PAGE as a 
result of detergent solubilization, as previously observed for a 
brain protein of approximately the same sequence deduced 
molecular mass and a similarly discrepant migration on SDS- 
PAGE (62, 63). 

Reactivity of recombinant ICA69 with serum of first degree 
relatives oflDDM patients on Western blotting. To determine 
whether sera from prediabetic subjects reacted with the recom- 
binant ICA69 fusion protein, and then with the purified ICA69 
recombinant molecule, further testing of Western blots was 
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cell lines: HepG2-hepatoma, HeLa-fibroblast and JEG-choriocarci- 
noma. Autoradiograph exposure time was 2-7 d. 




Pre-immune Post-immune Post-absorbed 

Figitre 5. Rabbit antiserum raised against a COOH-terminal ICA69 
peptide sequence specifically reacted with a protein of 69 kD in RIN 
1046-38 and BON-1 (visible after longer exposure) ceil total homog- 
enate but not with homogenate from HeLa cells. The specific 69-kD 
band disappears after absorption with the polypeptide against which 
specific antibodies were produced. The serum from the same rabbit 
(rabbit number 1 ) before the polypeptide immunization does not 
react with the 69-kD band. 
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F/^ure 6. Anti-ICA69 sera from relatives oflDDM patients recognize a maltose binding protein-lCA69 fusion protein (a and b) and 
affinity-purified recombinant ICA69 without fusion protein (c and d) on Western blots. Fluorograms of 10% SDS-PAGE showing reactivity of 
normal control (C), prediabetic relatives' sera (PDM) from preclinical IDDM subjects (at dilution 1: 100) and reactivity of serum samples from 
autoantibody positive relatives (cytoplasmic islet cell antibody /insulin autoantibody +/+,+/-) who have not yet developed diabetes. Bands at 
~ 105 kD (arrows) represent the PM 1/3 done fusion protein as indicated by reactivity with rabbit-anti ICA69 peptide antibody. The -~ 105 
kD bands correspond to the SDS-PAGE migration of the whole fusion protein. Lanes 1-2 (a), samples from the same rabbit (rabbit number t ) 
before (Pre- J) and after (Post-1) the immunization with the deduced COOH terminus polypeptide of ICA69 (see Methods). Lanes 3-12, serum 
samples from 10 healthy individuals. In b. sera from seven prediabetes (PDM-1 to 7), from two cytoplasmic islet cell antibody+ /insulin au- 
toantibody* relatives who have not developed diabetes (+/+), from one cytoplasmic islet cell antibody*/ insulin autoantibody negative (+/-) 
and two additional human control sera (C-l 1 , C- 12). Immunoblots showing reactivity of preclinical IDDM relatives cytoplasmic islet cell anti- 
body-positive serum samples (PDM) with Ni-NTA-agarose purified recombinant (His)s-ICA69 (c and d\ The purified ICA69 was separated 
by a 10% SDS-PAGE, and probed with sera from relatives of IDDM patients, and from controls (at 1: 100 dilution). Lanes A 2, and 5 (c) and 
lanes 3 and 6 ( d) show reactivity of sera from relatives of IDDM patients followed to the overt disease ( PDM ) with the 69-kD band. Cytoplasmic 
islet cell antibody/ insulin autoantibodies (+/+ and - /+ ), scrum samples from relatives of It>DM patients that have not developed the disease, 
show also reactivity with ICA69. Note the absence of detectable reactivity with control sera (lanes 6-12 in c; lanes 4 and 7-12 in d). All the 
sera from both prediabetes and controls used in the preliminary MBP/PMI/3 clone fusion protein Western blot assay gave consistent results 
using the affinity-purified recombinant ICA69 as source of antigen for performing Western blots (some of the same serum samples, used in the 
immunoblots in a and b t are indicated with the same label in the two sets of immunoblots ffig. 6, a. b. c and </]). Rabbit hyperimmune sera 
produced against the whole ICA69 and the COOH terminus of the molecule specifically reacted also with the Ni-NTA-agarose purified ( His) 6 - 
ICA69 (not shown). Positions of molecular mass markers (A/ f x 10~ 3 ), and ~ 105 kD bands are indicated at right and left edges. The gels were 
exposed for 6-12 h. 



performed. We first assessed whether antiserum raised against 
the COOH terminus and the whole ICA69 molecule, as well as 
the three sera from prediabetics previously reacting with the 
Xgtl 1 IPTG-induced PM1/ 1 insert, could react on a Western 
blot with the PM I /3 clone expressed as a fusion protein with 
maltose binding protein. The rabbit hyperimmune serum and 
6 out of 10 sera from relatives with IDDM specifically reacted 
with a ~ 105 kD band ( Fig. 6, a and b) which corresponds to 
the SDS-PAGE migration of the whole fusion protein, whereas 
none of the 12 control sera reacted significantly (quantitating 



the sera reactivity to the ~- 105 kD band by scanning densitom- 
etry). 

Sera from first degree relatives from patients with insulin- 
dependent diabetes mellitus demonstrated specific binding to 
the affinity purified recombinant ICA69 on Western blotting 
(Fig 6, cand </, and Fig 7 ). Serum samples from 23 relatives of 
IDDM patients who were initially found to be ICA positive and 
then followed to the clinical onset of the disease ( Pre- DM: Fig. 
7), 70 healthy volunteers, serum samples from 13 ICA+/ 
1AA+ (cytoplasmic islet cell antibody* /insulin autoanti- 
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F/gttre 7. Quantitative comparison of serum binding to recombinant 
affinity-purified ICA69. Results of Western blots for individual serum 
samples (dilution 1 : 100) assayed against purified islet cell autoantigen 
69 kD ( ICA69 ) are shown. Levels of antibody to ICA69 in Pre-DM 
(preclinical IDDM relatives followed up to the overt disease [n 
= 23]); in relatives that have not developed diabetes, but with evi- 
dence of humoral antiislet autoimmunity, namely (cytoplasmic islet 
cell antibody/antiinsuUn autoantibody) ICA+/IAA+ (n = 13), 
1CA+/IAA- (n = 8), and ICA-/IAA+ (n = 10); and in normal 
control subjects (n ~ 70). The horizontal line represents the value 2 
SD above the pooled mean control values. Anti-ICA69 antibody lev- 
els are expressed as relative densitometric units. 



recombinant in the backcross panel and 5/40 obligate recombi- 
nant in the F2 panel (total of 97 informative meioses). The 
proximal D6MU1 and D6Rck2 markers were separable by the 
finding of three recombinations in 101 informative meioses 
between Ica-1 and D6MU1 versus six recombinations in 94 
informative meioses between lea- J and D6Rck2. The weighted 
average of the interval between Met and D6MUI was estimated 
to be 3.05+2.29 cM and the interval between D6MU1 and lea- 
/ to be 3.85±2.20 cM. The finding of 22 recombinations in 74 
informative meiosis between lca-1 and the more distal marker 
D6MU16 confirms that Ica-1 is proximal to Met Collectively, 
these data would suggest a gene order of centromere- leal- 
D6MU1 -D6Rck2 -Met-D6Mitl6 as indicated in Fig. 9. Though 
a polymorphism between NOD and NON exists for the lea- J 
gene, and segregation of the NOD-derived Ica-1 allele was not 
significantly associated with diabetes in either the backcross or 
the F2 generation {P> 0.05 by chi square analysis), indicating 
that it was not closely linked to a locus at the proximal end of 
chromosome 6 conferring susceptibility to insulin dependent 
diabetes (Idd gene) of NOD mice. 

In the human, MET has been mapped to chromosome 
7q21-7q31 (65). The localization of the mouse Ica-1 gene 
within 6 cM of the Met protooncogene on chromosome 6, sug- 
gests that the human 1CAI gene may be found close to the 
MET protooncogene protein- tyrosine kinase locus in a con- 
served region around 7q31. 

Discussion 



body+), 8 ICA+/IAA-, and 10 ICA-/IAA+ who have not 
developed type I diabetes to date were assayed to determine 
their reactivity to highly purified ICA69. Most serum samples 
from the control group reacted minimally with the purified 
ICA69 in this assay format When significant antigen binding 
was defined as an optical density of > 2 SD above the mean 
values for the control group (Fig. 7), serum from 10 of the 23 
Pre-DM group, exceeded 2 SD of normal binding to ICA69 
(43%), as well as serum samples from 7 of the 1 3 ICA+/IAA+ 
(54%), from 2 of the 8 ICA+/IAA- (25%), and from 4 of the 
10 ICA-/IAA+ (40%). It is of interest that in the ICA+/ 
IAA- group all the serum samples from relatives of IDDM 
patients that are considered negative, detected by our Western 
blot assay format, are restricted ICA, who rarely progress to the 
overt IDDM. 

1CA69 islet immunohystochemistry. Staining of formalin- 
fixed sections of rat pancreas with antibodies raised to the hu- 
man recombinant ICA69 revealed selective p cell reactivity 
(Fig. 8). In islets double immuno-enzymatically labeled with a 
polyclonal antibody to ICA69 and with mAbs to glucagon or 
somatostatin, antibodies to ICA69 reacted with the P cell core 
(Fig 8 a) but not with either glucagon or somatostatin contain- 
ing cells (Fig. 8, b and c). 

Chromosome localization of Ica-1. the moose homologtw, 
to chromosome 6. Linkage data summarized in Fig. 9 indicate 
that lca-1 ( Ica-1 is the mouse gene symbol for the gene coding 
for ICA69 ; ICA I is the human gene symbol for the gene coding 
for ICA69) is linked to the Met protooncogene ( located 6 cM 
proximal on chromosome 6). Linkage to two other proximal 
Met-Wnktd markers (D6MUL D6Rck2. 5 cM proximal) was 
demonstrated. The weighted average of the interval between 
Met and lca-1 was estimated to be 6.23±2.5 cM based on I / 1 7 



Recent findings have indicated that the range of autoantigens 
related to type I diabetes is more diverse than was originally 
thought Sera from IDDM patients, as well as from stiff-man 
syndrome patients, appear to recognize one or both forms of 
the neuroendocrine-associated enzyme GAD (6, 66), namely 
GAD 65 (67 ), and GAD 67 (68 ), and one portion of the anti- 
body response to islet cells, termed "restricted ICA,*' has been 
reported to recognize GAD (69, 70). In the present study, we 
have cloned, sequenced, and characterized a novel 69-kD dia- 
betes-related autoantigen. 

In an attempt to identify molecular targets for antiislet auto* 
immunity in IDDM, we have used sera from preclinical IDDM 
subjects as probe to isolate cDNA clones from a human islet 
Xgtl 1 expression library. We have obtained a cDNA of a novel 
protein that codes for a full-length amino acid sequence 54.6 
kD with an apparent mobility of 69 kD on SDS-PAGE. The 
detection of mRNA in neural tissues studied such as brain, the 
presence of ICA69 transcripts in islet-derived cell lines, 
namely, RIN 1046-38, BON-1, HIT, 0TC-1, «TC-6, and in 
human insulinoma tissue, in contrast to nonneuroendocrine 
cell lines such as HeLa cells, JEG-choriocarcinoma, and 
HepG2-hepatoma likely reflect the sharing of many molecules 
between islets and neurons. A low level of ICA69 mRNA was 
also found in human lung, liver, and kidney. It is of interest 
that a high level of ICA69 mRNA is present in heart, whereas 
mRNA is undetectable in skeletal muscle and this could be 
related to the presence of selective cells expressing high levels of 
this molecule. Islets and neuronal cells both contain secretory 
granules and micro vesicular bodies; for instance, GAD has 
been localized to microvesicular structures in both pancreatic 0 
cells, as well as in synaptic nerve microvesicular structures 
( 7 1 ). Many of the molecules of both of these shared structures 
appear to be prominent targets of the autoimmunity related to 
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Figure 8. Microphotographs of peroxidase and alkaline phosphatase double immunoenzymatic rat islets labeling using anti-ICA69, antiinsulin, 
antiglucagon, and antisomatostatin antibodies, (a) The islet was double-labeled for ICA69 and glucagon. Anti-ICA69 antiserum reacted with 
the 0 cell core of the islet (drown), whereas the glucagon containing cells are stained with an antiglucagon mAb ( red. arrows) and are not reactive 
with ICA69 (X350). (b) The islet was double-labeled for ICA69 and somatostatin. Anti-1CA69 antiserum {brown) reacted with the /J cell core, 
whereas the somatostatin containing cells reacted with an antisomatostatin mAb {red); additional peripheral cells {arrows), negative for both 
ICA69 and somatostatin, are apparently non-0 cells ( X3 1 5 ). (c) An islet was double-labeled with mAb anti-insulin {brown) and antiglucagon 
{red. arrows), showing a pattern identical to that of {a) (anti-ICA69 and antiglucagon) (X350). 



type I diabetes. The fact that ICA69 mRNA is detected mostly 
in endocrine cell lines of islet cell origin, and that ICA69 
mRNA is also detected in brain, thyroid and heart, but not 
skeletal muscle, suggests that ICA69 may be in fact related to 
the neuroendocrine system. A 2-kb mRNA band is visible in 
total RNA a glucagon producing cell line, namely aTC-6, 
whereas no staining is visible on normal rat glucagon contain- 
ing cells detecting by immunohystochemistry. 

The putative polypeptide encoded by the longest open 
reading frame of ICA69 clones has a molecular mass of 54,600 
D. On Western blots, immunoreactive ICA69 has a molecular 
mass of 69 kD suggesting aberrant migration on SDS-PAGE. A 
molecular mass discrepancy between that calculated from the 
deduced amino acid sequence and that measured by SDS- 
PAGE, has been reported in the cloning of a number of pro- 
teins (62, 63, 72-74). These proteins have highly charged re- 
gions that appear to be related to retarded SDS-PAGE gel mi- 
gration, resulting thus in an overestimation of the true 
molecular mass. Our protein has several strongly charged re- 



gions, such as the segment of the molecule between residues 
307 and 320. The fact that cDNA encoding the full length of 
the molecule produces a 69-kD protein when expressed in bac- 
teria whose molecular mass is higher than the one inferred by 
the relative molecular mass of the deduced sequence (54.6 
kD), supports aberrant gel migration as the likely cause of the 
relative molecular mass disparity. 

Environmental factors are potential triggers of autoimmu- 
nity in type I diabetes (13). There is evidence in animal models 
of IDDM such as BB rats that the elimination of cow milk 
proteins from the diet significantly reduces the incidence of the 
clinical onset of diabetes in these animals (75). Sera from pa- 
tients with type I diabetes as well as BB rats are reported to have 
high titer of IgG anti-BSA antibodies (but not of antibodies to 
other milk proteins) or IgG anti-ABBOS (a region of the BSA 
molecule extending from 1 52 to 1 58 amino acid residues) anti- 
bodies (13-15). It has been reported that antibodies raised to 
one short BSA unique peptide region (ABBOS) or serum from 
a newly diagnosed IDDM child react on a Western blot format 
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Figure 9. Localization 
of Ica-J on proximal 
chromosome 6 of the 
mouse. The recombina- 
tion frequencies be- 
tween linked loci are 
expressed in cM±SEM 
(shown at the left) and 
were estimated using a 
weighted average for 
backcross and F2 data. 
Multipoint linkage map 
constructed using 
MAPMAJCER 1.9(64) 
gave maximum likeli- 
hood estimates for the 
best three gene orders 
as follows: order 1, Ica- 
l-D6MUl-D6Rck2-Met 
log likelihood -79.10; 
order 2, D6Rck2-Met- 
Ica-1-D6MU14 log like- 
lihood -82*85; and 
order 3, D6Rck2-Met- 
JMA//fV-/ca-/logIikeU- 
hood -86.88. ♦Recom- 
bination frequency esti- 
mated from F2 data 
only. 



with 7-interferon-induced RIN 69-kD protein or with islet 
proteins with a similar mobility ( 60-70 kD), respectively ( ! 3). 

It is of interest that our 69-kD molecule shares two short 
regions of similarity with bovine serum albumin (not with hu- 
man serum albumin precursor). These two antigenic determi- 
nants perhaps could play a role in the induction of cow milk- 
induced autoimmunity based upon the hypothesis of pathogen- 
esis related to molecular mimicry, or may be simply a cause of 
a cross-reactivity with anti-lCA69 antibodies and with anti- 
BSA antibodies. To prove one of these two hypotheses, further 
studies are required. We have just learned that a partial peptide 
sequence available from a p69 BSA-related molecule studied 
by Dosch and co-workers is identical to amino acids 262 to 325 
ofICA69 (H.-M. Dosch, personal communication). 

Our study shows that first degree relatives of patients with 
IDDM who developed the disease carry antibodies reacting 
with ICA69. Antibodies to ICA69 are detected also in relatives 
who have not yet developed the disease. Such antibodies are 
found in 43% of the serum samples from preclinical IDDM 
relatives assayed so far, and we believe that with the optimiza- 
tion of a more sensitive assay (such as a radioassay or an 
ELISA), the percentage of reactivity with ICA69 among 
IDDM relatives will increase. 

Detecting by Western blotting, the percentage of anti- 
ICA69 reactivity among sera from relatives of IDDM patients 
that developed the disease and in from ICA+/IAA+ group 
appears to be higher than the ICA+/IAA- group (25%) (Fig. 
7), seemingly because all the anti-ICA69 negative sera from 
ICA+/ 1 A A- relatives assayed thus far, show a j8 cell-selective 
ICA pattern ( termed "restricted" ), that includes recognition of 
GAD, which is associated with the lack of progression to overt 
diabetes (69, 70). Therefore, the low percentage of anti-ICA69 
positive sera in the ICA+/IAA- group as compared to the 



other groups appears to be related to the fact that most of the 
ICA+/IAA- IDDM serum samples from IDDM relatives as- 
sayed so far are restricted ICA and rarely progress to the overt 
IDDM. In light of these observations, we believe that with the 
combination of different assays for the detection of autoanti- 
bodies in IDDM, such as anti-IAA, anti-GAD, anti-ICA69, 
and in the future against other islet autoantigens, combinator- 
ial algorithms for improving the prediction of type I diabetes 
will be designed. 

The identification, the characterization of the molecular 
structure and the availability of the ICA69 molecule will help 
to add this autoantigen to a battery of markers for the predic- 
tion of diabetes risk, and will enhance our understanding of 
islet biochemistry. A family of islet antigen specific therapies 
are considered for the suppression of insulin-dependent dia- 
betes; e.g., oral tolerance to insulin (76). ICA69 with its j3 cell 
expression and autoantigenicity becomes an additional candi- 
date molecule for manipulation of 0 cell autoimmunity. 
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ABSTRACT IA-2 is a 105,847 Da transmembrane protein 
that belongs to the protein tyrosine phosphatase family. 
Immu no peroxidase staining with antibody raised against IA-2 
showed that this protein is expressed in human pancreatic 
islet cells. In this study, we expressed the full-length cDNA 
clone of IA-2 in a rabbit reticulocyte transcription/ translation 
system and used the recombinant radiolabeled IA-2 protein to 
detect autoantibodies by imraunoprecipitatton. Coded sera 
(100) were tested: 50 from patients with newly diagnosed 
insulin-dependent diabetes mellitus (IDDM) and 50 from 
age-matched normal controls. Sixty-six percent of the sera 
from patients, but none of the sera from controls, reacted with 
IA-2. The same diabetic sera tested for autoantibodies to islet 
cells (ICA) by indirect immunofluorescence and glutamic acid 
decarboxylase (GAD^Ab) by depletion ELISA showed 68% 
and 52% posUivity, respectively. Up to 86% of the IDDM 
patients had autoantibodies to IA-2 and/or GAD«5* Moreover, 
greater than 90% (14 of 15) of the ICA-positive but GAD& 
Ab-negative sera had autoantibodies to IA-2. Absorption 
experiments showed that the immunofluorescence reactivity 
of ICA-positive sera was greatly reduced by prior incubation 
with recombinant IA-2 or GAD«5 when the respective antibody 
was present A tittle over one-half (9 of 16) of the IDDM sera 
that were negative for ICA were found to be positive for 
autoantibodies to IA-2 and/or GAD^s, arguing that the im- 
munofluorescence test for ICA is less sensitive than the 
recombinant tests for autoantibodies to IA-2 and GAD«. It is 
concluded that IA-2 is a major islet cell autoantigen in IDDM, 
and, together with is responsible for much of the 

reactivity of ICA with pancreatic islets. Tests for the detection 
of autoantibodies to recombinant IA-2 and GAD $5 may even- 
tually replace ICA immunofluorescence for IDDM population 
screening. 



Autoantibodies that react with pancreatic islets were first 
detected by immunof luorescent techniques over 20 years ago 
(1). It is now clear that these antibodies recognize several 
different antigens in the islets (2-7). In recent years, extensive 
efforts have been made to identify and characterize the 
antigens with which these islet cell autoantibodies (ICA) react. 
Autoantibodies to one of these antigens, now known to be the 
lower molecular weight isoform of glutamic acid decarboxylase 
(GAD 6 s), have been widely used as a marker for identifying 
individuals with insulin-dependent diabetes mellitus (IDDM) 
and in predicting the risk of developing IDDM in nondiabetic 
individuals (8-12). GAD&5 is primarily an intracellular antigen. 
Recently, we described a new member of the protein tyrosine 
phosphatase family, IA-2. (13. 14). IA-2 cDNA predicts a 



The publication ensts of this article were defrayed in part by page charge 
payment. This article must therefore be hereby marked "advcrtiserneKt" in 
accordance with 18 U.S.C. §J7M .solely 10 indicate this fact. 



transmembrane protein of 979 amino acids in length and has 
a molecular mass of 105,847 Da. The extracellular domain 
extends from amino acid 1 to 576, the transmembrane domain 
from amino acid 577 to 601, and the intracellular domain from 
amino acid 602 to 979. The gene is expressed in human, mouse, 
and rat insulinoma cells as well as enriched normal islets (13). 
It also is found in human brain and neuroendocrine cells. 

In the present report, we describe the expression of the 
full-length of IA-2 in a eukaryotic reticulocyte transcription/ 
translation system and a sensitive radioimmunoprecipitation 
assay for detecting autoantibodies to IA-2 in the sera of IDDM 
patients. For comparison, the same sera were tested for ICA 
and GAD 6 s antibody (GAD 65 Ab). The relationship of IA-2 
antibody (IA-2Ab) to GAD 6 sAb and ICA also was assessed. 

MATERIALS AND METHODS 

Human Subjects. New-onset IDDM patients (50) who had 
been diagnosed within a week of their blood sampling and 50 
age-matched controls with no history of autoimmune disease 
were studied (15). Blood samples were collected tinder in- 
formed consent as approved by the University of Florida 
Institutional Review Board. Some IDDM patients were se- 
lected for the study because they had ICA but not GAD 65 Ab. 

Radioimmunoprecipitation of in Vitro Translated Full- 
Length IA-2 Autoantigen. The full-length human IA-2 cDNA 
without the leader sequence (13) was cloned into a pCRII 
cloning vector (Invitrogen) with a perfect Kozak translation^ 
start sequence (GCCGCCACCATGG) (16). Plasmid DNA (1 
fig) was added to TNT coupled rabbit reticulocyte lysate 
system (Promega) in the presence of | 35 S)methionine (Amer- 
sham) at 30°C for 2 hr. Radiolabeled protein was determined 
by 10% trichloroacetic acid precipitation. Immunoprecipita- 
tion was performed as described (17). Briefly, translated 
reticulocyte lysate (approximately 50,000-75,000 cpm) and 5 
of tested serum were mixed in 100 /d of immunoprecipi- 
tation buffer (20 mM Tris (pH 7.4), 150 mM Nad, 1% Triton 
X-100). The reaction mixture was incubated at 4°C overnight 
and 50 /d of 50% (vol/vol) protein A- Agarose (Life Technol- 
ogies) was added to the solution at 4°C for 1 hr. The immu- 
noprecipitation mixture was washed four times with immuno- 
precipitation buffer, boiled in sample buffer, and applied to an 
8% SDS/PAGE gel. The gels were fixed with acetic acid/ 
methanol ( 12.5% :1 2.5%), then exposed to film overnight. The 
intensity of the IA-2 bands (*-106 kDa) was scored from 1 + 
to 4+ by two independent investigators and corresponded very 



Abbreviations: ICA, islet cell autoantibodies; IDDM, insulin- 
dependent diabetes mellitus: GAD 6 5. glutamic acid decarboxylase; 
GADtsAb, GADts antibody; IA-2Ab. IA-2 antibody; JDF. juvenile 
diabetes foundation, 

*To whom reprint requests should be addressed. 



6367 



6368 



Medical Sciences: Lan ei al 



Proc. Natl Acad, ScL USA 93 (1996) 



closely to counts in the immunoprecipitate as determined by 
liquid scintillation (unpublished data). 

ICA and GAD^Ab. ICA and GAD 65 Ab were determined as 
described (15, 18). Recombinant baculovirus-expressed 
GAD(>5 was kindly supplied by Syra (Palo Alto, CA). and used 
in an antigen depletion ELISA (D-ELISA) assay (19, 20). The 
results obtained closely parallel those by our previously pub- 
lished radioimmunoassay (21). 

ICA Absorption. Tests were performed to see if the reac- 
tivity of ICA with pancreatic islets could be removed by 
absorption with recombinant GAD 6 s and/or IA-2 Serum (200 
fjd) was incubated overnight with an equal volume of biotin- 
ylated GAD&5 bound to streptavidin-Sepharose beads. The 
slurry then was centrifuged and the supernatants tested in the 
usual way for ICA reactivity. Similarly, the intracellular do- 
main of IA-2, expressed as a fusion protein with glutathione 
5-transferase and bound to glutathione-sepharose beads, was 
used to absorb serum antibody to IA-2 Sepharose beads, 
bound to neither GAD^ nor IA-2, served as controls. 

RESULTS 

Radiolabeled IA-2 was immunoprecipitated with serum from 
IDDM patients and the immunoprecipitate was separated on 
an 8% SDS/PAGE gel. As seen in Fig. 1, seven representative 
sera from IDDM patients identified a band with a relative 
molecular mass of 106 kDa. The intensity of the bands ranged 
from 1+ to 4+. No bands were seen when control sera were 
used. 

Coded sera (50) from diabetic patients and 50 sera from 
controls were tested by this assay for autoantibodies to IA-2. 
As seen in Fig. 2, 66% of the sera from IDDM patients, but 
none of the sera from controls, reacted with IA-Z The 
intensity of the bands varied from 1+ to 4+ with 21 of the 33 
positive sera being in the strongly positive (3+ to 4+) range. 
Equivocal bands (±) were scored as negative. 

The sera used in Fig. 2 also were tested by D-ELISA for 
antibodies that reacted with GAD 6 s. As seen in Figs. 3 and 4, 
52% of the sera from IDDM patients, but none of the sera 
from controls, reacted with GAD 6 5- Up to 86% of the IDDM 
patients developed autoantibodies to IA-2 and/or GADes- 
Some of the patients (34%) developed antibodies to both 
antigens, 12% to only GAD 65 , and 4% to only IA-Z The 
current data, together with data from other studies (15), 
suggest that the age of the onset of IDDM may influence the 
nature of the immune response. Of 60 patients diagnosed with 
IDDM before age 20, 68% had antibodies to IA-2 and 60% had 
antibodies to GAD$s- However, of 15 patients diagnosed with 
IDDM after age 20, only 46% had antibodies to IA-2, whereas 
86% had antibodies to GAD 6 s. 

Detection of autoantibodies to islet cells by indirect immu- 
nofluorescence on human blood group O pancreatic sections 
has been widely used as a marker for IDDM. One of the 
antigens recognized by the immunofluorescence assay is 
GAD 6 s (18). However, it is known that at least 20% of sera that 



4+ _ 2+ 4+ 1+ 3+ 1+ - 2+ 
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Fig. 1. Autoantibodies to IA-2 in patients wilh IDDM as measured 
by radioimmunoprecipitation. Sera were incubated with recombinant 
IA-2 expressed in a reticulocyte system. The dissociated precipitates 
were run on an 8% SDS/PAGE gel. Bands with a molecular mass of 
106 kDa were scored on an intensity scale of M to 4 + . Representative 
sera with different band -intensities are illustrated. )). diabetic sera; C. 
control sera. 
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Fig. 1 Sera from SO patients with clinically documented IDDM 
and 50 normal controls were tested for autoantibodies to IA-2 by 
radioimmunoprecipitation. The intensity of bands were scored as 
illustrated in Fig. 1. Equivocal bands (±) were considered negative for 
autoantibodies. 

are positive for IGA by immunofluorescence do not react with 
GAX>65, indicating that the immunofluorescence assay is rec- 
ognizing a still unidentified antigen(s). In the present study 
(Fig. 3), 68% of the sera were positive for ICA, but only 52% 
had autoantibodies to GAD 65 . Remarkably, of the 15 ICA- 
positive sera that did not react with GAD*$, 14 reacted 
unambiguously with IA-2, arguing that IA-2 is one of the islet 
antigens that is routinely recognized by ICA in the immuno- 
fluorescence test. Moreover, of the 34 ICA-positive sera, 33 
reacted with IA-2 and/or GAD** 

Absorption experiments (Table 1) showed that the immu- 
nofluorescence reactivity of IA-2Ab-positive, but GADasAb- 
negative, sera with islet cells was greatly reduced by absorption 
with IA-2, but not by absorption with GAD 6 5. Conversely, the 
immunofluorescence reactivity of IA-2Ab-negative but 
GADesAb-positive sera with islet cells was greatly reduced by 
absorption with GADes, but not by absorption with IA-2. 
Taken together, our studies strongly argue that IA-2 and 
GAD 65 are two of the major autoantigens recognized by ICA 
immunofluorescence. In one case (serum 4), however, islet cell 
reactivity was not substantially reduced by absorption with 
either IA-2 or GAD65, suggesting that another still unidenti- 
fied islet cell autoantigen(s) is being recognized by some 
ICA-positive sera. Preliminary experiments suggest that this 
autoantigen is closely related to IA-2 

DISCUSSION 

In the present experiments, using full-length IA-2 cDNA and 
a eukaryotic expression system, we developed a radioimmu- 
noassay for detecting autoantibodies to IA-2 Two-thirds of our 
IDDM patients had autoantibodies to IA-2 as compared with 
none of the controls. This radioimmunoassay is considerably 
more sensitive and specific than the ELISA used in our 
laboratory (unpublished data) or the one described by Rabin 
et ai (22), with a truncated form of IA-2 lacking the first 389 
amino acids, designated ICA512 Moreover, the radioimmu- 
noassay used here is a liquid phase assay and therefore is more 
likely to detect conformational epitopes than the solid phase 
ELISA. 

Autoantibodies to GAD^s have been widely used as a marker 
for IDDM. At least 20% or more of newly diagnosed IDDM 
patients, however, are known to be negative for antibodies to 
GADos (23). In the present report, the patient population we 
studied was somewhat biased because a higher than expected 
percentage of patients were GAD 65 Ab-negative (48%). How- 
ever, of particular interest is the finding that of 15 ICA-positive 
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Fig. 3. Sera from patients and con I rob were tested for I A-2Ab by 
radioimmunoassay; GADesAb by D-ELISA; and ICA by immunoflu- 
orescence. Numbers in the ICA column represent JDF units. Patients 
(coded numbers) are indicated in the serum column. Fifty normal 
controls (not shown) were negative in all three autoantibody tests. 

patients who showed no reactivity to GADts, 14 had autoan- 
tibodies to IA-2. arguing that IA-2 is one of the major 
autoamigens recognized by ICA in the indirect immunofluo- 
rescence test using human pancreas as tissue substrate. Addi- 
tional support for this contention comes from our absorption 
studies (Table I), which showed that a major portion of the 
reactivity of ICA could be absorbed by IA-2 or GAD05 when 
the respective antibody was present. 




Positive (%) 

Fig. 4. Comparison of autoantibody response to IA-2 and GAD^ 
in 50 patients with IDDM. 

The data further show that measurements of antibodies to 
both IA-2 and GAD 6 s detect a higher percentage of IDDM 
patients than measurement of either antibody alone. In the 
current study (Fig. 3), autoantibodies to IA-2 were identified 
in 66% (33/50) of the IDDM patients, whereas autoantibodies 
to GAD65 were detected in 52% (26/50) of the IDDM patients. 
Of the patients in this series, 34% (17/50) showed antibodies 
to both GAD 6 s and IA-2, with 65% (17/26) of the GAD 6 sAb- 
positive patients also having antibodies to IA-2 and 52% 
(17/33) of the IA-2Ab-positive patients also having antibodies 
to GAD 6 5. However, up to 86% of the IDDM patients had 
antibodies to one or the other antigens or both. Thus, some 
IDDM patients will be missed if detection relies on only one 
autoantibody test Of particular interest, 33 of the 34 ICA- 
positive patients showed autoantibodies to IA-2 and/or 
GADfis. Moreover, of the 16 patients who were negative for 
ICA, nine were positive for autoantibodies to IA-2 and/or 
GADfis demonstrating that, in some cases, these latter two 
assays detect autoantibodies when the ICA immunofluores- 
cence assay is negative. Thus, the measurement of autoanti- 
bodies to both IA-2 and GAD 6 s seems to have advantages over 
the immunofluorescence assay for ICA in terms of sensitivity 
and specificity. The assays for IA-2 and GAD 6 s use molecularly 
expressed proteins and do not rely on the more subjective 
readings of tissue immunofluorescence and the inherent vari- 
ations of human pancreatic sections. Prospective studies in- 
volving large number of subjects are ongoing in our laborato- 
ries and the preliminary data indicates that the positive 
predictive value of IA-2Ab, in identifying subjects likely to 
develop IDDM, is over 90% (unpublished data). Based on our 
present findings, IDDM patients diagnosed before age 20 are 
more likely to have IA-2Ab than patients diagnosed after age 
20, but further studies are needed to settle whether IA-2Ab 
generally appears before or after GAD 6 sAb in the natural 
history of the preclinical disease. Although autoantibodies to 
IA-2 and GADes seem to account for much and perhaps most 
of the immunofluorescence reactivity of ICA, the fact that 
some ICA reactivity remains after absorption with IA-2 or 
GADes argues for the existence of still another autoantigen. In 
this connection, we recently identified a novel cDNA from beta 
cells that encodes a protein, designated IA-20, that is closely 
related to IA-2 (24). Moreover, these studies showed that 
1A-2|3 is the precursor of the 37-kDa tryptic fragment isolated 
from pancreatic islets, whereas IA-2 is the precursor of the 
40-kDa tryptic fragment also isolated from pancreatic islets 
(24. 25). 

Whether autoantibodies to IA-2 and GAD 65 are a cause or 
a result of ihe immunologically mediated destruction of pan- 
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Table 1. Absorption of ICA-positive sera with IA-2 andGADas 



Absorption of 
ICA-positive sera with 



Reactivity of sera with 



IA-2 



GAD 65 



Reactivity of absorbed 



Patient serum 


Islet cells 


IA-2 


GAD65 


sera with islet cells 


1 


Pos 


Pos 


Neg 


11 - 


2 


Pos 


Pos 


Neg 


U - 
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Pos 


Pos 


Neg 


1 — 
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Pos 


Pos 


Neg 


i JL 


5 


Pos 


Neg 


Pos 


- a 


6 


Pos 


Neg 


Pos 


- ii 



Reactivity of ICA-positive sera with islet cells as measured by intensity of immunofluorescence: U, 
greatly reduced; 1 , moderately reduced; I, slightly reduced; — , not reduced Pos, positive; Neg, negative. 



creatic beta cells underlying IDDM, is still not clear. However, 
what is clear is that these autoantibodies serve as markers of 
the underlying disease process, and thus have strong predictive 
power. In ongoing studies, we found thai antibodies to GAD^s 
(26) and now IA-2 occur at highest frequencies among non- 
diabetic relatives who have the highest risk HLA phenotypes, 
especially DRB1*03/DQB1*0201; DRB1*04/DQB1*0302 
heterozygotes. Why the host should make an immune response 
to two such seemingly unrelated antigens as GAD 65 and IA-2 
is unknown. While both are expressed in neuroendocrine cells 
(i.e., pancreatic islets and brain), IA-2 is particularly interest- 
ing because, in contrast to GAD^, it has an extracellular 
domain. The possibility that the extracellular domain of IA-2 
serves as a target for an autoimmune attack and/or is the site 
for deleterious transmembrane signaling is currently under 
investigation. 

We thank Drs. Hersh Mebta and Barbara Void for their assistance 
with the assay for autoantibodies to GADea- We gratefully acknowl- 
edge the editorial help of Janice Solomon. This study was supported 
by Grants R01 HD 19469, P01 DK39079, and GCRC MOl RR00082 
from the National Institutes of Health. 
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Abstract 

Insulin-dependent diabetes mellitus (IDDM) is thought to re- 
sult from the autoimmune destruction of the insulin-producing 
p cells of the pancreas. Years before IDDM symptoms appear, 
we can detect autoantibodies to one or both forms of glutamate 
decarboxylase (GAD^ and GAD^), synthesized from their re- 
spective cDNAs in a bacterial expression system. Individual 
IDDM sera show distinctive profiles of epitope recognition, 
suggesting different humoral immune responses. Although the 
level of GAD autoantibodies generally decline after IDDM on- 
set, patients with IDDM-assodated neuropathies have high 
levels of antibodies to GAD, years after the appearance of clini- 
cal IDDM. We note a striking sequence similarity between the 
two GADs and Coxsackievirus, a virus that has been associated 
with IDDM both in humans and in experimental animals. This 
similarity suggests that molecular numicry may play a role in 
the pathogenesis of IDDM. (/. Clin, Invest 1992. 89:283- 
292.) Key words: insulin-dependent diabetes mellitus • gluta- 
mate decarboxylase • diabetic neuropathy 

Introduction 

Insulin-dependent diabetes (IDDM; 1 type I diabetes) is one of 
the most serious and common of metabolic disorders, affecting 
approximately 1 person in 300 in the U.S., while epidemiologi- 
cal studies in Europe suggest that its incidence is increasing 
(reviewed in 1-3). The disease is thought to result from the 
autoimmune destruction of the insulin-producing ($ cells of the 
pancreas and the subsequent metabolic derangements. Al- 
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though insulin therapy allows most patients to lead active lives, 
this replacement is imperfect since it does not restore normal 
metabolic homeostasis. Metabolic abnormalities are thought 
to be important in the subsequent development of common 
complications, which include retinopathy, cataract formation, 
nephropathy, neuropathy, and heart disease. 

While the initiating agent of IDDM autoimmunity is not 
known, it ultimately provokes a loss of immunological toler- 
ance to self-antigens present in insulin-secreting 0 cells within 
the pancreatic islets (4-6). IDDM begins with an asymptom- 
atic stage, characterized by a chronic inflammatory infiltrate of 
the islets (insulitis), which selectively destroys the 0 cells. Only 
after the destruction of the majority of the 0 cells, often occur- 
ring over several years, do hyperglycemia and ketosis appear. 

The pathogenesis of IDDM involves both genetic and envi- 
ronmental factors. One or more susceptibility factors are en- 
coded by the major histocompatibility complex on chromo- 
some 6, probably by the DQ A I and Bl loci (7, 8). Studies of 
monozygotic twins, however, show a concordance for IDDM 
of < 40%, suggesting that environmental factors play an impor- 
tant role (9). Long suspected environmental causes of IDDM 
include a number of viruses, such as rubella, encephalomyo- 
carditis virus, and especially Coxsackie virus B 4 (reviewed in 
10-12). 

Autoantibodies to a 64,000 M t islet cell protein are asso- 
ciated with IDDM and have been detected years before the 
onset of symptoms (13-15). Other IDDM-associated autoanti- 
bodies, such as those against insulin and cytoplasmic ganglio- 
sides of islet cells (ICA), appear later, possibly as a consequence 
of the release of these antigens (or their precursors) from the 
damaged islet cells (16, 17). Antibodies to the 64,000 M r pro- 
teins are, however, the earliest and most reliable predictive 
marker of IDDM in humans and are also present in the two 
animal models for IDDM, the nonobese diabetic (NOD) 
mouse and the Biobreeding rat (14, 15, 18, 19). 

Baekkes kov et al. (20) report ed that the 64,000 M r islet cell 
autoantieen^aJoTO { GAP; E -^- 

47Qj5) Jhe ^ the synthesis of 7-arnino- 

butyric acid (G ABA) in brain, periphe ral neurons, pancreas, 
and ofoCTorfflSffi recently shown that the brain 

contains two forms of GAD, which are encoded by two sepa- 
rate genes (22). The two GADs (GAD 63 and GAD 67 ) differ in 
molecular size (with A/,s = 65,000 and 67,000) and amino acid 
sequence (with — 30% sequence divergence), as well as in their 
intracellular distributions and interactions with the GAD co- 
factor pyridoxal phosphate (22-25). In brain neurons, GAD^ 
is preferentially associated with axon terminals, while GAD 67 is 
present in both terminals and cell bodies (25). 

Previous studies of the 64,000 M T IDDM autoantigen have 
used pancreatic extracts enriched for membrane-associated 
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proteins. In view of our demonstration that the brain contains 
two GADs, we set out to determine the molecular identity of 
islet cell GAD by immunohistochemistry with monospecific 
antibodies. We then used GAD 65 and GAD„ produced in ge- 
netically engineered bacteria from our GAD cDNAs to exam- 
ine the specificity of IDDM autoantibodies for the two GADs 
and for restricted sets of GAD epitopes. 

Our results lead to two new suggestions concerning the 
pathogenesis of IDDM and its complications: (a) GAD autoim- 
munity may play a role in the pathogenesis of IDDM-asso- 
ciated neuropathies; and (b) IDDM autoimmunity may result 
from molecular mimicry of GAD and a Coxsackievirus pep- 
tide. 



Methods 



Patient sera. IDDM patients and individuals at high risk for later devel- 
oping IDDM were selected from a previous study at the University of 
Florida Diabetes Clinics (15, 26). IDDM patients with peripheral neu- 
ropathies were selected from the University of Florida Diabetes Clinics 
and the UCLA Diabetes Clinic 

Nondiabetic controls and the individuals studied before the docu- 
mented clinical onset were ascertained through ongoing prospective 
screening for islet cell antibodies of more than 5,000 first-degree rela- 
tives of IDDM probands, and 8,200 individuals from the general popu- 
lation, of whom 4,813 were school children. These studies were ap- 
proved by the University of Florida's Institutional Review Board. All 
participating individuals first gave their written informed consent Indi- 
viduals at high risk for the development of IDDM were identified by 
the presence of high titers oflCAs, assayed by indirect immunofluores- 
cence on cryostat sections of blood group O human pancreas. AH re- 
sults were interpreted on coded samples, with control negative and 
positive sera in each batch. The ICA levels were estimated as Juvenile 
Diabetes Foundation units, according to the standardization guidelines 
established by the Immunology Diabetes Workshop (IDW), as previ- 
ously described. M. Atkinson and N. Maclaren subscribe to the ID Ws 
ICA proficiency testing program, which they currently supervise. 

GAD assays. Patient sera were assayed blind for their ability to bind 
GAD enzymatic activity from a cleared homogenate of human cerebel- 
lar cortex in "GAD buffer," which contained 60 mM potassium phos- 
phate, pH 7.1, 0.5% Triton X-100, 1 mM PMSF, 1 mM 2-aininoethyI- 
isothiouronium bromide, and 0. 1 mM pyridoxal phosphate. IgG from 
each serum was bound to protein A-Sepharose (PAS) by adding 40 pi of 
serum to 80 p\ of a 1:1 slurry of preswollen PAS in GAD buffer, incu- 
bating for 30 min at 4°C with gentle rocking, isolated by centrifugation, 
and then washing four times in the same buffer. 100 /il of brain extract 
was then added to each sample and incubated for 1 h at 4°C with gentle 
rocking, washed four times, resuspended in buffer, and assayed for 
GAD activity as previously described (25). Values shown are means of 
three determinations. 

Immunohistochemistry. Immunochemical detection of the two 
forms of GAD was performed as previously described for rat cerebel- 
lum (25). 

Antigen preparation and immunoadsorption. Rat GAD W and 
GAD„ cDNAs were subcloned in the Ncol site ofpET 8C and the Nhe 
I site of pET-5C respectively and transformed into Escherichia coli 
BL2 1 (DE3) (20, 27). Control and GAD-producing E. coli were grown 
and induced with isopropyl-thio-£*r>galactoside, harvested by centrifu- 
gation, resuspended in GAD bufTer, sonicated, and cleared by centrifu- 
gation at 55,000 g for 15 min. For immunocompetition, 30 (d of each 
patient serum was incubated with 100 m! of extract from control bacte- 
ria or from bacteria that produced either GAD M or GAD 67 for I h at 
4°C Human pancreatic islets were labeled with "S-methionine as pre- 



viously described (15). A detergent extract (300 jd) was first predeared 
with human control serum. The material that bound to the control IgG 
was removed with protein A-Sepharose. The predeared islet cell deter- 
gent extract was men split into three fractions and then incubated (2 h 
on ice) with serum that had been absorbed with each of the E. coli 
lysates. IgG-bound material was isolated with protein A-Sepharose as 
described above, and the bound material was analyzed by polyacryl- 
amide gel electrophoresis in SDS (SDS-PAGE), followed by fluo- 
rography. 

Detection of GAD autoantibodies. E. coli expressing rat GAD^ and 
GAD CT cDNAs were grown in minimal medium and induced with 
isopropyl-thic-^r>galactoside in the presence of a mixture of ^la- 
beled amino acids (Tran-^S; ICN Pharmaceuticals, Inc., Irvine, CA). 
The bacteria were harvested, sonicated in GAD buffer, and centzifuged 
to remove debris. Sera were preadsorbed with extracts of unlabeled 
host bacteria and then added to a mixture of "S4abeled extracts of 
(3AD*r and GAD 6r producing bacteria. IgG-bound polypeptides were 
isolated with PAS and analyzed by SDS-PAGE Initial experiments 
analyzed sera for their ability to precipitate GAD M and G AD 67 sepa- 
rately (data not shown). Using a mixture of the two extracts simplified 
the assay. A number of E. coli polypeptides were also immunoadsorbed 
by some patient and some control sera. One such band, with M T 
— 70,000, is apparent in many samples. 

Epitope mapping. Portions of GAD W cDNA were amplified by the 
polymerase chain reaction (PCR; 28) to produce DNA segments en- 
coding three polypeptide segments: amino acid residues 1-224 (seg- 
ment A); 224-398 (segment B); and 398-585 (segment Q. Each con- 
struct also contained a T 7 promoter, a consensus sequence for the initia- 
tion of translation and an initiating methionine codon (29). PCR 
product was then transcribed in vitro with T 7 RNA polymerase and 
translated in vitro in a rabbit reticulocyte cell-free system in the pres- 
ence of "S-raethionine, using conditions recommended by the supplier 
(Amersham Corp., Arlington Heights, IL). Each test serum (30 jd) was 
incubated with the resulting ^polypeptides. The bound peptides 
were isolated with PAS and analyzed by SDS-PAGE in 15% poryacryl- 
amide and fluorography. 
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Figure L Immunoprecipitation of GAD activity by IDDM sera. GAD 
activity in brain extracts was imraunoprecipitated with sera from 
healthy controls (•); individuals at high risk for IDDM (o); IDDM 
patients at diagnosis and two years later (a); and unrelated patients 
more than six years after diagnosis (□); one patient (■) developed a 
sensory neuropathy. 
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Results 

IDDM patients have autoantibodies to GAD, We initially per- 
formed a blind trial to test for the presence of GAD autoanti- 
bodies in IDDM sera. We tested IDDM sera for the presence of 
GAD autoantibodies by assaying their ability to immunopre- 
cipitate GAD activity from human brain homogenates (Fig. 1 ). 
We included sera from 35 individuals, which included 3 people 
judged to be at high risk for IDDM on the basis of their previ- 
ously determined IGA titers, reduced responses to intravenous 
glucose, and their HLA DR/DQ haplotypes (15, 26), 8 IDDM 
patients studied at onset and 7 of these same patients two years 
later, 9 unrelated patients six or more years after IDDM onset, 
and 15 normal controls. Our results parallel those indepen- 
dently reported by Baekkeskov et al. (20). 

The three high-risk individuals whose sera we examined 
had high anti-GAD titers, in one case comparable to those 
raised against purified brain GAD in experimental animals 
(data not shown). The levels of antibodies to GAD in five of 
eight newly diagnosed patients exceeded the mean + 1 SD of 
the control sera. Levels in these patients decreased by ~ 50% 
during the subsequent two years, with only two of seven sera 
having levels more than the mean + 1 SD of the control sera. In 
most patients ^ 6 years after diagnosis, the concentrations of 
antibodies to GAD were indistinguishable from controls. In 
one patient in this series, however, anti-GAD levels actually 
rose between 6 and 1 1 years after onset, during which time the 
patient developed a sensory neuropathy. 

Levels of anti-GAD antibodies in these patients generally 
parallel the previously determined titers of autoantibodies to 
the 64,000 M T antigen. Our assays of immunoprecipitated 
GAD enzymatic activity easily identified individuals with high 
titers of autoantibodies to the 64,000 M r antigen, but did not 
often distinguish individuals with low titers from controls. 

This study established that autoantibodies to GAD are pres- 
ent at and before the clinical diagnosis of IDDM and decline 
within a few years after diagnosis. We next addressed the ques- 
tion of the molecular identity of the GAD autoantigen. 

Islet cells contain both GAD& and GAD 67 . Immunohisto- 
chemicai experiments with the GAD-6 monoclonal antibody, 
which recognizes only GAD^, show the presence of GAD^ in 
pancreatic islets (Fig. 2; references 20, 25, 30). Using our re- 
cently described K-2 antiserum, which recognizes onty GAD 67t 
we show that islet cells also contain GAD 67 (Fig. 2; reference 
25). Since both GAD M and GAD^ are present in islets, either 
or both could be the autoantigen recognized by the IDDM sera 
surveyed in Fig. 1 and by Baekkeskov et al. (20). 

The 64,000 M, islet cell autoantigen is GAD&. To define 
farther the molecular identity of the IDDM autoantigen, we 
performed two sets of experiments. In the first experiment we 
used GAD-6 (the GAD w -specific monoclonal antibody) to im- 
munoadsorb GAD M both from detergent extracts of M S-Ia- 
beled islet cells and from soluble extracts of "S-labeled GAD- 
producing bacteria. GAD-6 specifically recognized a 65,000 M r 
immunoreactive polypeptide in both islet cells and GAD 63 - 
producing bacteria with identical electrophoretic mobilities, 
which were distinct from bacterially produced GAD 67 . Prior 
immunoadsorption with an IDDM serum removes immunore- 
active GAD 65 (i.e., "64K") from both islet cell and bacterial 
extracts (data not shown). 

In the second set of experiments, we examined the ability of 



bacterially produced GAD <3 and GAD 67 to compete with the 
immunoadsorption of islet cell autoantigens by EDDM sera. 
Sera taken from two patients (patient 052 and 496 which recog- 
nize both GADs; see Table I) specifically precipitate a polypep- 
tide of M t 64-65,000 from detergent-phase extracts of 35 S-la- 
beled islets in the presence of extracts of host bacteria (Le., 
bacteria not engineered to produce GAD), containing 400 /ig of 
protein (Fig. 3, lanes I and 2). When we added extracts (also 
containing 400 fig of total protein) of genetically engineered 
bacteria that produce either GAD^ or GAD 67 , we found that 
an extract containing 100 ug of GAD 67 partially blocked the 
binding of the islet cell antigen, as would be expected if GAD 67 
adsorbs some of the antibodies that recognize epitopes com- 
mon to GAD 65 and GAD 67 (Fig. 3, lanes 5 and 6). In contrast, 
an extract containing only 1 0 ug of GAD W completely blocked 
immunoadsorption of the 64KL autoantigen (Fig. 3, lanes 9 and 
10), These data show that the previously identified 64,000 M t 
autoantigen is immunologically indistinguishable from 
GAD^j. A serum (patient 476) that predominantly recognizes 
GAD 67 (which does not partition into the detergent phase of 
the islet cell extracts used in these studies) precipitated a very 
faint 64K band. The healthy control serum did not precipitate 
a 64K antigen. 

IDDM sera differ in the recognition of GAD& and GAD 67 . 
Antisera raised in experimental animals against purified brain 
GAD vary in their recognition of GAD 65 and GAD 67 . With this 
in mind, we determined the specificity of individual IDDM 
sera for each species of GAD. We examined their ability to 
immunoprecipitate 35 S4abeted GAD 6J and GAD tf7l produced 
from GAD cDNAs in a bacterial expression system. We exam- 
ined sera from 59 individuals (to whose IDDM status we were 
blind), including 8 people at high risk for IDDM, 12 people 
who later (3-64 months) developed IDDM, 3 newly diagnosed 
IDDM patients, 12 patients 2-22 years after onset who had no 
neurological symptoms, and 9 patients 10-48 years after onset 
who developed sensory or autonomic neuropathies (Table I; 
Fig. 4). None of the control sera from 15 healthy individuals 
had detectable ICA, antibodies to the 64,000 M T pancreatic 
antigen, or antibodies to either form of GAD. 

Levels of GAD autoantibodies were generally highest in the 
sera of individuals who were likely to have been in the process 
of developing the disease; those who were known to develop 
IDDM some time after their sera were drawn and those 
thought to be at high risk for IDDM on the basis of their previ- 
ously determined ICA levels and autoantibodies to 64K. Levels 
were much lower in the sera of patients examined a few years 
after IDDM onset. None of the nine patients without neuropa- 
thies tested long after onset (s> 5 years) had detectable antibod- 
ies to GAD. The intensity of the 35 S-labeled GAD 63 immuno- 
precipitated by the IDDM sera generally paralleled the previ- 
ously determined titers of autoantibodies to the 64,000 M r islet 
cell polypeptide (15, 26), again supporting the latter's identifi- 
cation as GAD 6S . There was no obvious correlation between 
ICA titers and the levels of autoantibodies to either GAD form. 

Among IDDM sera, the ability to precipitate each of the 
two GADs varied among individuals. Of the 23 individuals 
tested whom we thought to be at early stages of IDDM (8 at 
high risk, 12 tested before subsequent onset, and 3 newly diag- 
nosed), 15 recognized both GADs, 3 recognized only GAD 65 , 
and 4 recognized only GAD 67 . We found no obvious correla- 
tion between the time before or after diagnosis and the specinc- 
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Figure 2. Pancreatic islets contain both GAD 65 and GAD„. (A) Immunohistochemistry with the GAD-6 monoclonal antibody specific for 
GAD Mt and (B) with the K-2 antiserum specific for GAD W . 



ity of autoantibodies for cither form of GAD. A more sensitive 
assay (for example, one using human rather than rat GADs) 
might in fact reveal antibodies to both forms of GAD. 

Altogether 78% ( 1 8/23) of sera from early stage IDDM indi- 
viduals recognized GAD M , a frequency similar to that reported 
in previous studies of 64,000 AS, autoantibodies (reviewed in 
1 5, 20). When we tested for both GADs, however, we could 
detect autoantibodies to either or both in 96% (22/23) or the 
early stage individuals tested. 

The sera of NOD mice also show imrnunoreactivity both to 
GAD 6J and to GAD 67 (Fig. 4, lane 22). This finding further 
underscores the similarity of the disease processes in human 
IDDM and in NOD mice. 

Individual sera vary in epitope recognition. To examine the 
individual variability in epitope recognition of IDDM autoanti- 
bodies, we determined the ability of sera from four individuals 
to recognize three polypeptide segments of GAD 6S (Fig. 5). 
Each of these individuals was at a different stage in the progres- 
sion of the disease: 052 (high risk), 723 (a patient who subse- 
quently developed IDDM), 705 (at diagnosis), and UC2 (ad- 
vanced neuropathy). We used PCR amplification followed by 
in vitro transcription and translation of the PCR products to 
produce 35 S-labelcd polypeptides that represented the amino- 
terminal (A), middle (B), and carboxy-terrninal (C) thirds of 



G AD W . None of the four sera reacted with the segment A, two 
(052 and UC2) reacted with segments B and C one (705) with 
the carboxy-terminal segment C only, and one (723) with none 
of the GAD W segments. Our inability to immunoprecipitate 
polypeptides with serum 723 (which, as shown in Fig. 4, does 
precipitate both GAD 65 and GAD 67 as intact molecules) may 
have resulted from a lack of sensitivity of the assay or from the 
inability of any of the utilized peptides to fold into the recog- 
nized epitope. While the three peptides that we investigated are 
unlikely to have formed all their native epitopes, our epitope 
mapping data, like our studies of the differential recognition of 
GAD 6S and GAD 67 , suggest that each of the tested sera has a 
distinctive profile of anti-GAD antibodies. Although IDDM 
autoantibodies recognize different GAD epitopes, we do not 
know which epitopes are recognized by the self-reactive T lym- 
phocytes, which contribute to both humoral and cellular auto- 
immunity. 

Persistent autoimmunity to GAD is often associated with 
peripheral and aiaonomic neuropathy. The occurrence of anti- 
bodies to GAD (and to the previously determined 64,000 M r 
antigen), is unusual in patients many years after onset (Fig. 1, 
Table I, and M. Atkinson, unpublished data). Autoantibodies 
to GAD were, however, present in 8 of 9 IDDM patients with 
sensory or autonomic neuropathies, long (10-41 years) after 
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Figure 3. The 64,000 M x autoantigen is GAD U . The ability of sera 
which recognize both GADs (patients 052 and 496) to bind the pre- 
viously described 64,000 A/ r islet cell autoantigen was not blocked by 
preadsorption with an extract of wild-type BL2t (DE3) £. coli. 
Preadsorption with an extract of GAD 6r producing bacteria produced 
only partial blocking of these sera*s ability to bind the pancreatic an- 
tigen. In contrast, preadsorption with extracts of GAD 6r producing 
bacteria, abolished the serum's ability to bind 64K antigen. Lanes 
1-4 preadsorbed with 400 y% of a wild-type £. coli extract Lanes 5-8 
preadsorbed with a 400-ftg extract containing 100 jig of GAD 67 . Lanes 
9-/2 preadsorbed with a 400-Kg extract containing 10 v% ofGAD w . 
Lanes A 5, 9; patient 052. Lanes 2, 6, 10; patient 496. Lanes 3, 7, 11; 
healthy control. Lanes 4, 8, 12; patient 476, whose serum predomi- 
nantly recognizes GAD 67 (Table I), does bind the 64K antigen very 
weakly which is not apparent in the photograph. 



the onset of diabetic symptoms (Table I; Fig. 4, lanes 18-21). 
Six of the sera examined had detectable levels of autoantibod- 
ies to both GAD 65 and GAD 67 , while two had detectable auto- 
antibodies only to GAD 67 . Two patients with rapidly progress- 
ing autonomic neuropathies (UC1 and UC2) had especially 
high levels of autoantibodies to GAD. In contrast, none of the 
nine patients who were free of IDDM-associated complications 
examined at or more than five years after onset had detectable 
antibodies to GAD. The GAD autoantibodies in neuropathy 
patients may result from the restimulation of the immune sys- 
tem by GAD released from damaged neurons, or they may be 
involved in the actual pathogenesis of this complication. In 
either case, GAD autoantibodies may serve as a useful marker 
of an ongoing degenerative process. 

Sequence similarities between GAD and Coxsackievirus. Al- 
though we observe high levels of autoantibodies to GAD before 
IDDM onset, their presence may merely reflect an immune 
reaction to the exposure of previously sequestered antigens fol- 
lowing 0 cell damage. Indeed, the initiating agent of the au- 
toimmune response in IDDM is completely unknown, though 
the increasing incidence of IDDM and its frequent discordance 
in monozygotic twins has led to the suggestion that an environ- 
mental agent triggers autoimmunity (31, reviewed in 3, 12). In 
other autoimmune diseases, pathogenesis is thought to involve 
"molecular mimicry," in which a bacterial or viral antigen trig- 
gers an immune response that then reacts with a similar self 
antigen (reviewed 4, 32, 33). 

Analysis of the deduced amino acid sequences of GAD 6S 
and G AD 67 shows an extensive and surprising sequence similar- 
ity to the P2-C protein of Coxsackievirus B 4 . Coxsackievirus B 4 
is a picornavirus with a worldwide distribution. It causes a mild 
upper respiratory infection and can also infect 0 cells (reviewed 
in 10-12). It has a small genome (7,395 bases), and its P2-C 
protein appears to contribute to the membrane-bound replica- 
tion complex (34). A core polypeptide segment of six amino 
acid residues is identical in sequence between GAD 6S and P2-C 
(Fig. 6; 22, 34). The immediately adjacent polypeptide seg- 
ments also share a high level of similarity both in sequence and 
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Figure 4 Detection of autoantibodies against GAD 63 and GAD 67 in IDDM sera. Sera were incubated with a mixture of "S-labeled lysates of 
GAD 4r and GAD 6r producing E. colt, and IgG-bound polypeptides were analyzed by SDS-PAGE. The composite photo shows representative 
data from contraband from individuals at different stages of IDDM: three controls (lanes 1-31 four people at high risk for IDDM (lanes 4-7\ 
four who later developed IDDM (lanes 5-//), three patients at diagnosis (lanes 12-14), three IDDM patients more than seven years after diag- 
nosis (lanes 15-17), four IDDM patients with neuropathies (lanes 18-2 /), and NOD mice (lane 22). 
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Table I Analysis of Characterized Sera for GAD& and GAD 67 Immworeaclivity 



Patient ID 1CA Anti-64K Anti^5AD M Anti-GAD„ 
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Table L (Continued) 

p^^jj ID ICA Anti-64K Aati-GAD U Anti-GAD 4 , 



038 2t + + 

344 33 + 

194 41 - + 

310 48 + 

64 29 - + 



ND ND +++ +++ 

0 ND 0 + 

0 ND + + 

0 ND 0 0 

-0 ND + ++ 



Patient sera were obtained and assayed for ICA and autoantibodies to the 64,000 M r protein as part of a previous study (15, 26) or from the 
UCLA Diabetes Clinic. Patients that are part of the University of Florida's database are identified by three digit numbers. Other patients are 
identified by sequential numbers, with UF numbers representing patients seen in Gainesville and UC patients seen in Los Angeles. ICA titers 
are expressed in JDF units. +++, high titers; ++, intermediate; +, detectable; ND, not determined Patients UC1 , UC2, and UC3 had rapidly 
progressing sympathetic neuropathies. None of the sera from 15 healthy controls had detectable ICA, antibodies to the 64,000 M r protein, or 
antibodies to either form of GAD. 



in the positions of charged residues. In the 24 residue segments 
of G AD 65 and P2-C that are illustrated in Fig. 6, 1 9 residues are 
either identical or conservative differences. The three peptides 
shown in Fig. 6 have nearly identical hydrophobicity profiles 
(data not shown). The high charge density and the presence of a 
proline residue in the shared core suggest that the segments are 
highly antigenic. No other significant similarities were found 
between GAD and other viruses implicated in IDDM, such as 
rubella, mumps, encephalomyocarditis virus, and cytomegalo- 
virus. A generally similar sequence similarity is also present in 
the P2-C region of other members of the Coxsackievirus fam- 
ily. If specific members of the Coxsackievirus family (such as B 4 
and B5) are indeed involved in the etiology of IDDM, their 
pathogenicity may involve factors such as their particular 
amino acid sequences, virulence, and cell trophism, as well as 
the host immune repertoire. 

Discussion 

In a blind clinical study, we tested IDDM sera for the presence 
of GAD autoantibodies by their ability to immunoprecipitate 

GAD K 

1 224 39B 5BS 

I A I B I ~C I 

NH 3 COO" 

control — — — 

052 — + + 

723 — — — 

705 — — + 

UC2 — + + 

Figure 5, Epitope mapping of GAD M . Three labeled segments con- 
taining the amino-terminal {A), middle (5), and carboxy-terminal 
(C) portions of GAD W were immunoprecipitated with four IDDM 
sera that were initially characterized in the experiment shown in Fig. 4. 



GAD enzymatic activity from brain homogenates. We found 
the highest levels of GAD autoantibodies in individuals at high 
risk for IDDM and in newly diagnosed IDDM patients. Levels 
of GAD autoantibodies decreased by ~ 50% within two years 
after diagnosis. Six years after IDDM onset, the patients whose 
sera we examined had GAD autoantibody levels indistinguish- 
able from controls. One patient, however, displayed increased 
GAD antibodies years after onset, during which time the pa- 
tient developed a sensory neuropathy. 

Our studies of GADs in the brain have shown that neurons 
express two forms of GAD, which derive from separate genes 
(22). Pancreatic p cells also express GAD and use GABA to 
regulate glucagon secretion by a cells (35). Our immunohisto- 
chemical data, using antibodies monospecific for GAD 63 and 
GAD 67 , show that 0 cells, like most GABA neurons, contain 
both GAD W and GAD 67 . Although our enzymatic studies, and 
those of Baekkeskov et al. (20), demonstrated GAD autoimmu- 
nity in IDDM, they did not distinguish the two forms of GAD. 

We used GAD^ and GAD 67 cDNAs to express large 
amounts of each GAD in a bacterial expression system and 
tested the ability of each form to compete with the immunoad- 
sorption of the 64,000 M r autoantigen from 35 S-labeled islet 
cells. Only GAD^-containing lysates effectively competed, 
suggesting that the 64,000 M T autoantigen corresponds 
toGADfij. 

The islet cell homogenates previously used to characterize 
IDDM autoantigens were enriched for membrane-associated 
molecules and may preferentially have included GAD 65 . In 
contrast, both our studies of the soluble fraction and those of 
Christie et al. (36) show a complex pattern of antigens recog- 
nized by IDDM autoantibodies (data not shown). Since islet 
cells contain both GAD 65 and GAD 67 , (Fig. 2) we sought to 
characterize the GAD autoantibodies by testing the ability of 
IDDM sera to recognize bacterially produced GAD 65 
andGAD 67 . 

We could detect autoantibodies to either GAD 65 or G AD 67 
or both in almost all people who later developed IDDM, in 
some cases years before the onset of clinical symptoms. Of 23 
early stage IDDM individuals tested, we found antibodies to 
both GADs in 1 5, to GAD 65 alone in 3, and to GAD 67 alone in 
4. By testing for antibodies to both forms of GAD we were able 
to detect GAD antibodies in 96% of the individuals tested. 
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Figure 6. GAD and Coxsackievirus P2-C snare common sequences. Solid line encloses identical amino acid residues. Dashed line encloses amino 
acid residues with similar charge, polarity, or hydrophobicity. Numbers refer to the amino acid residues in GAD U t GAD <7 , and Coxsackievirus 
protein P2-G The human GAD amino acid sequences, which are almost identical to the rat GAD sequences, were determined by Bu Dingfang 
et aL (manuscript submitted for publication). 



Levels of GAD autoantibodies were usually highest before 
IDDM onset and, in our patient sample, appeared as early as 
five years before onset of symptoms. GAD antibody levels de- 
clined after onset, presumably in parallel with the loss of GAD- 
containing p cells and the extinction of antigen-driven autoim- 
munity. 

Patients showed varying immunoreactivity to GAD^ and 
GAD 67 , which share ~- 70% amino acid similarity and are 
most divergent at their amino termini (22). They also varied in 
their ability to recognize individual polypeptide segments of 
GAD^. These data suggest a diverse B lymphocyte response to 
different epitopes of GAD. While not all IDDM sera recognize 
the GAD 65 polypeptide that contains the sequence shared with 
Coxsackievirus (segment B in Fig. 5), the antibodies may recog- 
nize GAD epitopes different from those that originally acti- 
vated T lymphocytes. 

Because our initial survey of IDDM patients detected in- 
creased levels of GAD autoantibodies in a patient who devel- 
oped a sensory neuropathy long after the onset of diabetes it- 
self, we further studied GAD autoimmunity in patients with 
IDDM-associated neuropathies. We found that 8/9 patients 
who had developed clinical IDDM symptoms 10-4 1 years ear- 
lier, showed significant levels of autoantibodies to GAD 65 , 
GAD 67 , or both. Of the eight patients in this group for whom 
we had ICA data, none had detectable ICA, and their low basal 
C-peptide did not respond to intravenous glucagon, suggesting 
that the continued high levels of anti-GAD autoantibodies did 
not result from the persistence of GAD-containing /? cells. 

The production of anti-GAD autoantibodies in patients 
with diabetic neuropathy may reflect continued stimulation of 
the immune system by GAD in the peripheral nervous system. 
Consistent with this hypothesis, Rabinowe et al. (37) have 
shown that, in some IDDM patients, autoantibodies to sympa- 
thetic ganglia are present at the diagnosis of IDDM, before the 
onset of clinical neuropathy. In addition, postmortem examina- 
tion has revealed lymphocytic infiltration of sympathetic gan- 
glia in IDDM patients with autonomic neuropathy (38). Our 
data suggest that autoimmunity to GAD, together with the met- 
abolic effects of hyperglycemia, may play an important patho- 
genic role in diabetic neuropathy in IDDM. 

The surprising similarity of the amino acid sequences of 
GAD M and GAD 67 to the P2-C protein of Coxsackievirus sug- 
gests that IDDM autoimmunity may arise by molecular mim- 
icry, as a consequence of infection by Coxsackievirus. Epidemi- 
ological studies have shown that 39% of newly diagnosed 



IDDM patients have IgM responses to Coxsackievirus, com- 
pared to 6% of controls (39, 40). The molecular mimicry hy- 
pothesis suggests a mechanism to explain both the epidemiolog- 
ical association of Coxsackievirus B 4 with human IDDM and 
its ability (in contrast to other viruses epidemiologically asso- 
ciated with IDDM) to produce diabetes in mice and primates 
(31, 41-44). Direct association of Coxsackie B 4 infection and 
subsequent onset of human IDDM has been documented in a 
few cases (45, 46). 

Coxsackievirus infection (perhaps of P cells themselves) 
may, in genetically susceptible individuals, initiate the charac- 
teristic autoimmune attack on pancreatic P cells. Viral peptides 
would then be presented to T lymphocytes, probably on the 
surface of antigen-presenting cells in the context of class II mol- 
ecules. Although the sequences of both GADs suggest that they 
are cytosolic molecules, GAD polypeptides may be presented 
on the cell surface in the context of MHC molecules (as dis- 
cussed in 47 and 48). Christie et aL (36), moreover, have dem- 
onstrated the association of the molecule we now know to be 
GAD W with p cell membranes. GAD epitopes on the surface of 
P cells, in the context of either class I or class II molecules, 
could thus become the targets of immune responses initially 
directed against a Coxsackievirus epitope. The resultant de- 
struction of p cells would then release more GAD W and 
GAD 67 , including GADs from the cytoplasm. The released 
GAD could then continue to stimulate lymphocytes already 
primed to the Coxsackievirus peptide, thus perpetuating the 
immune response long after the termination of the viral infec- 
tion. This molecular mimicry would then lead to the continued 
autoimmune destruction of p cells and eventually to the devel- 
opment of clinical diabetes. 

Assays for antibodies to recombinant GADs should allow a 
straightforward means of distinguishing IDDM from other 
forms of diabetes mellitus. This should be especially useful for 
evaluating adult patients presenting with the more common 
type II, non-insulin-dependent diabetes mellitus (NIDDM). 
Patients with true NIDDM do not have ICAs or autoantibodies 
to the 64,000 M r protein or to insulin. Of adult onset patients 
initially diagnosed as having NIDDM, however, 10-15% are 
true type I (IDDM) diabetics and will eventually require insu- 
lin therapy. 

Clinical trials are now under way to test the effectiveness of 
general immunosuppressive agents (such as cyclosporin and 
azathioprine) in delaying the onset of IDDM in individuals at 
high risk, that is, who already have islet cell autoantibodies 
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(49). Autoantibodies to GAD are the earliest indication of auto- 
immunity in IDDM and the two GADs are therefore excellent 
candidates for the initial targets for autoimmunity. Future ex- 
periments will determine whether the epitope shared by GAD 
and Coxsackievirus contributes to IDDM pathogenesis. If 
GAD is indeed involved in the etiology of IDDM, it may be 
possible to devise specific, rather than nonspecific, immuno- 
suppressive strategies to block the function of specific MHC 
and T cell receptor molecules. 
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IgA pemphigus showing IgA anti-keratinocyte cell 
surface autoantibodies is divided into subcorneal 
pustular dermatosis (SPD) and intraepidermal neu- 
trophilic IgA dermatosis (DSN) types. We previously 
showed by intmunoblotting that IgA from some IgA 
pemphigus patients reacted with bovine desmocol- 
lins (Dsc), but not human Dsc. To determine the 
antigen for IgA pemphigus, we focused on confor- 
mation-dependent epitopes of Dsc, because sera of 
patients with classical pemphigus recognize confor- 
mation-sensitive epitopes of desmogleins. We con- 
structed mammalian expression vectors containing 
the entire coding sequences of human Dscl, Dsc2, 
and Dsc3 and transiently transfected them into COS7 
cells by lipofection. Immunofluorescence of COS7 



cells transfected with single human Dscs showed that 
IgA antibodies of all six SPD-type IgA pemphigus 
cases reacted with the surface of cells expressing 
Dscl, but not with cells expressing Dsc2 or Dsc3. In 
contrast, none of seven IBN-type IgA pemphigus 
cases reacted with cells transfected with any Dscs. 
These results convincingly indicate that human Dscl 
is an autoantigen for SPD-type IgA pemphigus, sug- 
gesting the possibility of an important role for Dscl 
in the pathogenesis of this disease. This study shows 
that a Dsc can be an autoimmune target in human 
skin disease. Key words: autoimmune bullous diseasei 
desmosome/heratinocyteltnammalian cell transfection. J Invest 
Dermatol 109:127-131, 1991 



Desmosomal cadherins are of two types, desmoglein 
(Dsg) and desmocollin (Dsc), both of which occur 
as three isoforms, Dsgl, 2, and 3 and Dscl, 2, and 
3, derived from different genes (Buxton et of, 1993; 
Amagai et a/, 1995). Each Dsc gene produces two 
alternatively spliced products, the longer "a" form and the shorter 
M b w form, i.e., Dscla and Dsclb. 

Classical pemphigus, characterized by the presence of IgG anti- 
keratinocyte cell surface autoantibodies in the sera, consists of two 
major subtypes, pemphigus vulgaris (PV) and pemphigus foliaceus 
(PF). Brazilian PF is endemic in South America and shows features 
similar to PF. Extensive studies of these diseases have revealed that 
the autoantigen for PF and Brazilian PF is Dsgl (Stanley et af, 1986; 
Hashimoto et at, 1990; Koch ef ai, 1990; Amagai et a\ % 1995) and for 
: } V is Dsg3 (Hashimoto et <d t 1990, Stanley ef «!, 1982; Amagai et ai, 
1991). Recently, a number of cases with anti-cell surface antibodies 
of the IgA class and showing distinct clinical features have been 
reported (Ebihara et a/, 1991; Iwatsuki et 1991). Although 
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various terms have been used for these conditions, we will use the 
most simple term, IgA pemphigus, throughout this report. IgA 
pemphigus is divided into two subtypes, intraepidermal neutro- 
philic IgA dermatosis (IEN) type, showing pustule formation 
through the entire depth of the epidermis (Huff et a/, 1985; Teraki 
et a/, 1991), and subcorneal pustular dermatosis (SPD) type, 
showing pustules in the upper epidermis (Tagami et td, 1983, 
Hashimoto eta/, 1987). 

We have sought the target antigens for the IgA anti-keratinocyte 
cell surface autoantibodies of IgA pemphigus and found that certain 
IgA pemphigus sera recognized bovine Dsc (Ebihara et ai, 1991; 
Iwatsuki et ai, 1991). The significance of this finding, however, was 
unclear, because no IgA pemphigus sera reacted human Dsc by 
immunoblotting. We speculated that the cause of this failure may 
be that the IgA pemphigus sera react with conformation-dependent 
epitopes on Dsc because most pathogenic autoantibodies recognize 
conformation-sensitive epitopes of desmogleins in PV and PF 
(Amagai et a/, 1994, 1995; Emery et a/. 1995). The widely used 
technique of immunoprecipitation is able to detect such conforma- 
tion-dependent epitopes on IgG antibodies. A technique for immu- 
noprecipitation with IgA antibodies, however, has not been estab- 
lished. 

In the current study, to detect antibodies to native Dsc mole- 
cules, .we constructed mammalian expression vectors containing 
the entire coding sequence of human Dscl, Dsc2, or Dsc3 and 
transfected them into COS7 cells by lipofection. We found that IgA 
in the sera of SPD type, but not IEN type, reacted with Dscl. This 
study shows that human Dsc can be a target autoantigen in human 
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Figure 1. Clinical and histopathologic 
features are distinct between SPD and 
DEN types of IgA pemphigus. A patient of 
SPD type IgA pemphigus clinically showed 
superficial pustules (a). A patient of IEN type 
showed different cutaneous lesions with 
deeper pustules (b). A patient of SPD type 
histopathotogically showed subcorneal pustule 
formation (c). A patient of IEN type showed 
pustule formation in the entire epidermis (d). 
Scale bar, 30 uni. 




skin disease and also suggests an important insight into the patho- 
genesis of IgA pemphigus. 

MATERIALS AND METHODS 

Sera We selected 13 typical cases with IgA pemphigus (six SPD type and 
seven IEN type). AD the patients of SPD type showed SPD-like clinical 
features of superficial pustules (Kg la) and histopathologically subcorneal 
pustule formation in the upper epidermis (Kg Ir). In contrast, all the 
patients of IEN type showed deeper vesiculo-ptistular skin lesions, occa- 
sionally characterized by sunflower-tike arrangement (Kg 16), and pustule 
formation in die entire epidermis (Kg Id). 

Sera obtained from three patients each with PV and PF as well as from 
five normal volunteers were used as controls. All sera were stored at -30°C 
or -80°C as aliquots and used immediately after thawing because IgA may 
be less stable than IgG. 

Antibodies Ann-Dsg monoclonal antibody (mAb) 32-2B (Vilela rt «/, 
1987) and anti-Dsc mAb 52-3D (Collins rt at, 1991) were characterized 
previously. Polyclonal antibody (pAb) JCMC was obtained by immunizing 
a rabbit with a recombinant bovine Dscl -specific peptide (North rt of, 
1996). pAbs D1K2 and C+DGII were obtained by immunizing rabbits with 
peptides specific to human Dscl and Dsc2, respectively (Suzuki rt «/, 
manuscript in preparation). 

Kawamura * a! (1994) bave recently isolated a novel human Dsc cDNA, 
which was tentatively designated human Dsc4. By comparison of human 
Dsc sequences with bovine Dsc sequences that are taken as standards 
(Collins ef «/, 1991; Parker rr a/, 1992; King rt of, 1993; Theis rt at, 1993; 
Troyanovsky rt «/, 1993; Kawamura rt «f, 1994; Legan rt a/, 1 994; Yue rt «/, 
1995), this is now re-designated human Dsc3. pAb LNCF3 was obtained by 
immunizing a rabbit with a human Dsc3-specific peptide (Suzuki rt at. 
manuscript in preparation). The pAbs D1K2, C + DGII, and LNCF3 were 
generous gifts from Tadaaki Suzuki, Kazuo Kawamura, and Susumu 
Tsurufuji (Institute of Cytosignal Research, Inc.). 

Preparation of Mammalian Cell Expression Constructs of Human 
Dscl, 2, and 3 and Trans feed on into COS7 Cells To prepare a 
construct of human Dscl, we used cDNA clones K24 (King rt at, 1 993) and 
K55 (King, 1994) (generous gifts from Dr. R.S. Buxton and Dr. LA. King, 
Laboratory of Eukaryoric Molecular Genetics, National Institute for Medical 
Research. Mill Hill, London, U.K.). K24 contains almost the entire coding 
sequence except for the N-tcrminal end, and K55 contains the N-tcrminal 
region including the ATG initiation codon. To obtain cDNA covering the 
entire coding sequence, we utilized the Aid sites at nucleotide 1494 in 
human Dscl and within the multiple cloning site of pBluescript II SK . The 
3.0-kbp fragment excised from K24 by Accl digestion, which contains the 
C-terminal region of Dscl, was subcloned into Hal-digested K55, and a 



clone with the proper orientation, designated K24/K55, was selected. The 
BamHW Xfcul-digested fragment of K24/K55 containing the entire coding 
sequence of human Dscl was subcloned into the eukaryotic expression 
vector pcDNAI/Amp (Invitrogen Corp., San Diego, CA) previously di- 
gested with BamHl/Xhal. A clone designated pcDNAI-hDscl was selected 
and propagated. 

To prepare a construct of human Dsc2, the entire coding sequence was 
obtain by EcoRJ digestion from pPB192 (a generous gift from Dr. R.S. 
Buxton and Dr. I.A. King), which is a pBluescript vector carrying the L5 
clone (Parker rt id, 1992). This cDNA fragment was subcloned into 
EroRJ-digested pcDNAI/Amp, and a clone with the proper orientation, 
designated pcDNAI-hDsc2, was selected. 

pcDNAI-hDscl and pcDN AI-hDsc2 allow the expression of full-length 
cDNA inserts of human Dscl and Dsc2 under the control of the cytomeg- 
alovirus promoter. 

Preparation of human Dsc3 cDNA (a generous gift from Tadaaki Suzuki, 
Kazuo Kawamura, and Susumu Tsurufuji) subcloned into the eukaryotic 
expression vector, pcDL-SRa296, was previously described (Kawamura rt 
of, 1994). This clone allows the expression of a full-length human Dsc3 
cDNA insert under the control of the simian vims early promoter, SRa 
(Kawamura rt */, 1994; Takabe rt at, 1988). All three clones produced "a" 
form (longer form) of each Dsc species. 

Transient transaction of COS7 cells using lipofeccAMIN reagent (Life 
Technologies, Gaithersburg, MD) was carried out according to the manu- 
facturer's recommendations. 

Immunofluorescence Immunofluorescence of normal human skin sec- 
tions was performed by a standard method (Beutner rt at, 1968) using 
fluorescein -conjugated anti-human IgG (specific to 7-chains), anti-human 
IgA (specific to ot-chains). anti-mouse Igs, and anti-rabbit Igs antiscra 
(DAKO, Glostrup, Denmark) as secondary antibodies. 

Immunofluorescence of unfixed COS7 cells transiently trans feet ed with 
Dscl, 2,.or 3 cDNAs was performed by the method of Stanley rt at (1982). 
The cells cultured on covcrglasscs were first incubated at 4°C for 30 min in 
phosphate-buffered saline containing 1% bovine serum albumin and 0.1% 
NaNj to reduce background and membrane fluidity, respectively. The cells 
were incubated for 1 h at 4'C with patients* sera or specific antibodies 
diluted in the same buffer and subsequently with second antibodies conju- 
gated with cither FITC or rhodatnine. For double labeling, the cells were 
incubated with a mixture of diluted sera and rabbit anti-Dsc pAb and 
subsequently with mixture of fluoreseein-conjugated anti-human IgA anti- 
serum and rhoda mine -conjugated anti-rabbit Ig antiserum (DAKO). In 
some experiments, the colls were fixed and perinea bilized by treatment with 
100% methanol for 20 min at -20°C before immunostaining. 
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Figure 2. Immunofluorescence of nor- 
mal human skin sections for anti-Dsc 
pAbs and IgA pemphigus sera sug- 
gested that SPD and IEN types may 
react with Dscl and Dsc3, respec- 
tively. Anti-Dsc 1 peptide pAb JCMC 
stained kcratinocyte cell surfaces in the 
upper epidermis (a), whereas anti-Dsc3 
peptide pAb LNCF3 stained cell surfaces in 
the entire epidermis (b). A SPD type IgA 
pemphigus serum stained the uppermost 
epidermis (c), and an IEN type IgA pemphi- 
gus serum stained the entire epidermis (d). 
Scale bar, 30 pm. 



Immunoblot Analysts of Normal Human Epidermal Extracts, Bo- 
vine Desmosome Preparations, and Extracts of COS7 Cells Trans- 
fected with Dscl, 2. and 3 Preparation of extracts of normal human 
epidermis separated by dispase treatment, partial purification of desmo- 
;imes from bovine snout epidermis, and procedures for electrophoresis and 
unmunoblotting were described previously (Hashimoto et at, 1990; Ebihara 
et al, 1991). All peroxidase-conjugated anti-human IgG (specific to 
-y-chains). anti-human IgA (specific to o>chams). anti-mouse Igs, and 
ana-rabbit Ig anttsera used as secondary antibodies were obtained from 
DAKO. 

COS7 cells transiently expressing Dscl, 2, and 3 were lysed with 
LaemmlTs sample buffer (Uemmli, 1970) and subjected to electrophoresis, 
tmrnunoblottmg was performed by the same method as for epidermal 
t'xtracts or desmosome preparations. 



RESULTS 

Immunofluorescence of Normal Human Skin Sections Sug- 
gested that SPD and IEN Types of IgA Pemphigus May 
React with Dscl and Dsc3, Respectively With immunoflu- 
orescence of normal human skin sections, anti-Dsc 1 peptide pAbs 
(JCMC and DIK2) stained keratinocyte cell surfaces in the upper 
epidermis but not the keratinized layer (Kg 2a). By contrast, pAb 
against Dsc3 peptides (LNCF3) stained cell surfaces at all levels in 
the epidermis except the keratinized layer (Kg 2b). The reactivity 
of the anti-Dsc2 pAb C+DGU was very weak and stained cell 
surfaces of the spinous layer nearly down to the basal layer in 
normal skin, staining in the upper layers being much stronger. All 




Figure 3. Immunofluorescence of COS7 
cells trans fee ted with human Dscl, 2, or 
3 indicated that the auto antigen for SPD 
type IgA pemphigus is Dscl. A SPD type 
IgA pemphigus serum clearly stained cell sur- 
face of COS7 cells transfected with Dscl in a 
granular pattern (a), whereas an IEN type IgA 
pemphigus serum showed no reactivity (b). 
With double immunostaining. IgA antibodies 
in a SPD type oflgA pemphigus scrum (c) and 
anti-Dsc 1 pAb JCMC (d) showed exactly the 
same staining pattern. Scate bar, 30 fxm. 
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Table I. Immunofluorescence of Various Antibodies and 
Sera with Normal Epidermal Sections and Dscl-3- 
Transfected COS7 cells _ 

COS7 Cells with 



Antibodies 
and Sera 


(No.) 


Section of 
Epidermis 


Dscl 


Dsc2 


Dsc3 


mAB 52-3D 




(+) all layers 


+ 


+ 


+ 


pAb JCMC 




(+) upper layers 


+ 






pAb D1K2 




(+) upper layers 


+ 






pAb C+DGII 




(+) upper-mid layers 




+ 




pAb LNCF3 




(+) all layers 






+ 


SPD type IgA 












pemphigus 


(6) 


(+) upper layers 


6 


0 


0 


IEN type IgA 












pemphigus 


(7) 


(+) all layer* 


0 


0 


0 


PV 


(3) 


(+) lower layers 


0 


0 


0 


PF 


(3) 


(+) all layers 


0 


0 


0 


Norma] 


(5) 


(-) 


0 


0 


0 



the sera of patients with SPD- type IgA pemphigus stained the upper 
epidermis (Fig 2e), resembling the pattern for Dscl, whereas all the 
sera from patients with IEN-type IgA pemphigus stained the entire 
epidermis (Fig 2d), resembling staining for Dsc3. All the IgA 
pemphigus sera contained autoantibodies of IgA class, but not IgG 
class. All the results are summarized in Table I. 

Immunoblotting of Epidermal Extracts and Desmosome 
Preparations Showed Controversial Results We first exam- 
ined the reactivity of anti-Dsc autoantibodies of the IgA class by 
immunoblot analyses using both normal human epidermal extracts 
and bovine snout desmosome preparations and then compared their 
reactivities with those of anti-Dsc mAb or pAbs. 

With immunoblotting of bovine desmosome preparations, the 
anti-Dsc mAb, 52-3D, and the rabbit pAbs against Dscl, 2, and 3 
peptides reacted with two protein bands of approximately 115 kDa 
and 105 kDa (data not shown, but see Ebihara et a/, 1991). The IgA 
antibodies in the sera of three cases with SPD type and two cases 
with IEN type also reacted with a doublet of proteins showing 
similar mobilities to those recognized by the anti-Dsc antibodies'. 
With immunoblotting of normal human epidermal extracts, none 
of the IgA pemphigus sera showed specific reactivity, whereas PV 
and PF sera reacted with the 130- kDa Dsg3 and the 160-kDa Dsgl 
polypeptides, respectively, both of which were also recognized by 
the 32-2B anti-Dsg mAb. The 110-kDa and 100-kDa human Dscs 
were recognized by the 52-3D mAb (data not shown). The normal 
control sera showed no specific reactivity with immunoblotting of 
either antigen source. 

Immunofluorescence of COS7 Cells Transfected with Hu- 
man Dscl, 2, or 3 Indicated That the Autoantigen for 
SPD-type IgA Pemphigus Is Dscl When COS7 cells tran- 
siently transfected with human Dscl, 2, and 3 cDNAs were stained 
without fixation, the transfected cells reacted with pAbs specific to 
each Dsc: i.e., Dscl with JCMC and D1K2 pAbs, Dsc2 with 
C+DGII, and Dsc3 with LNCF3. No cross-reactivity was observed 
(data not shown). The positive cells, approximately 10% of the 
population, showed clear granular staining on the cell surface. 
Because 52-3D mAb reacts with the cytoplasmic domain of Dscs, 
the cells were permeabilized by treatment with 100% methanol. 
This mAb reacted with COS7 cells transfected with each of the 
three Dscs. 

The IgA antibodies in all six sera of SPD-type IgA pemphigus 
reacted with COS7 cells expressing Dscl (Fig 3a), but none of the 
seven sera of the IEN type showed this reactivity (Fig 36). The IgA 
antibodies in both types of IgA pemphigus did not react with either 
Dsc 2 or Dsc3. IgG antibodies in three serum samples of SPD-type 
IgA pemphigus were examined, but no staining was observed in the 
Dsc-transfected cells. Neither IgG nor IgA in any control PV, PF, 



or normal sera showed reactivity. All the results are summarized in 
Table I. 

When the COS7 cells were stained simultaneously with SPD- 
type IgA pemphigus serum and anti-Dsc 1 pAb JCMC, the cell 
stained with the patient's IgA were also stained with the pAb (Fi^ 
3c,d). The staining intensity of both the IgA pemphigus sera and 
anti-DscI pAb, however, was considerably reduced, suggesting 
that the patient's IgA reacts with a region similar to that recognized 
by the pAb and interferes with the reactivity of the pAb by steric 
hindrance. 

To examine the possibility that IgA of IEN-type IgA pemphigus 
may react with intracytoplasmic domain of Dsc3, the cells perme- 
abilized by 100% methanol treatment were also examined. None of 
the seven IEN-type IgA pemphigus sera, however, stained eel 
surfaces of Dsc3-transfected COS7 celb, although considerable 
background staining made the staining a little obscure (data not 
shown). 

Immunoblotting of Lysates of COS7 Cells Transfected with 
Human Dscl, 2, or 3 Confirmed That All the Dsc 1-3 cDNA 
Clones Expressed Each Molecule with a Proper Size With 
immunoblotting of the lysate of COS7 celb transfected with human 
Dscl, 2, or 3 cDNAs, proteins of approximately 100 kDa were 
detected by pAb specific for each Dsc. In Fig 4, tone t is for 
standard molecular weight markers. Lane 2 shows the lysate of 
Dscl -transfected cells stained with anti-Dsc 1 pAb JCMC; lane 3 
shows the lysate of Dsc2-transfected celb stained with pAb 
C+DGII, and lane 4 shows the lysate of Dsc3-transfected cells 
stained with mAb 52r-3D. The pAb LNCF3 reacted with the same 
protein band in the Dsc3-transfected cell lysate. No Dsc protein 
was detected by pAb specific to other isoforms of Dsc, confirming 
the specificity of each pAb. Whereas a single protein band was 
recognized in Dsc2- and Dsc3- transfected COS7 cells, however, a 
doublet of protein bands as well as lower protein bands was 
detected in Dscl -transfected cells (lane 2). The reason for this 
reactivity is not known. These protein bands could be accounted 
for by unprocessed precursor or breakdown product. It is not likely 
that these bands represent w a" and w b" forms of Dsc, because the 
cells were transfected with cDNA. The same proteins were also 
recognized by the 52-3 D mAb (data not shown). The Dscs 
expressed in COS7 cells, however, were not detected by IgA 
antibodies in any IgA pemphigus sera (data not shown). 




Figure 4. Immunoblotting of lysates of COS7 cells transiently 
transfected with human Dscl, 2, or 3 confirmed that all the Dscl-3 
cDNA clones expressed each molecule with correct size. Lane I is for 
standard molecular mass markers, indicating the positions of 2(H) kDa, 120 
kDa, 87 kDa, and 48 kDa from top to bottom. Lane 2 shows the lysate of 
Dscl -transfected cells stained with anti-Dsc 1 pAb JCMC; /<i«e 3 shows the 
lysate of a Dsc2-transfected cells stained with pAb C+DGII; and laur 4 
shows the lysate of a Dsc3-transfcctcd cells stained with mAb 52-3 D. 
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DISCUSSION 

Immunofluorescence of normal human skin sections showed that 
IgA antibodies in sera of IEN-type IgA pemphigus bind to the 
keratinocyte cell surfaces at all levels in the epidermis, whereas IgA 
in sera of SPD-type IgA pemphigus bind only to the upper 
epidermis. The staining pattern of the SPD-type sera was very 
similar or identical to that shown by anti-Dscl pAbs. This suggested 
that sera of SPD-type IgA pemphigus might contain autoantibodies 
against Dscl. 

We have shown, with immunofluorescence of non-fixed COS7 
cells expressing human Dscl, 2, or 3, that all the sera of SPD-type 
IgA pemphigus reacted with Dscl, but none of the sera of IEN type 
showed this reactivity- IgA antibodies in both types of IgA pem- 
phigus reacted with neither Dsc2 nor Dsc3. The most likely reason, 
therefore, for the failure to detect human Dsc with immunoblotting of 
human epidermal extracts is that these epitopes on Dsc molecules may 
be altered by extraction, isolation, and immunoblotting proce dur es, 

These results convincingly show that human Dscl is an auto an- 
tigen for SPD-type IgA pemphigus, which may therefore play an 
important role in the pathogenesis of this disease. This study also 
shows that a human Dsc can be a target antigen for an autoimmune ' 
blistering skin disease. 

We initiated this study because we found that some IgA pem- 
phigus sera react with bovine Dsc molecules in immunoblotting. It 
is still not clear, however, why some IgA pemphigus sera reacted 
with bovine, but not human, Dsc under these conditions. It may be 
that greater amounts of Dsc proteins were obtained in the bovine 
desmosome preparations than in extracts of human epidermis. 
Alternatively, it may be that bovine desmosomal glycoproteins 
retain more of their normal conformation on immunoblots because 
of some undefined species difference. The autoantibodies would 
then react with epitopes in the bovine desmosomes while similar 
epitopes disrupted in blotted human glycoproteins. 

We anticipated that sera of IEN-type IgA pemphigus might react 
with DscJ, because the staining pattern in human epidermis was 
similar to that of anti-Dsc3 pAb. This study does not indicate, 
however, that the target antigen for IEN-type IgA pemphigus is Dsc 
Our previous immuno-electron microscopic study also indicated that 
the antigen for IEN type is not present in desmosomes (Akiyama et al, 
1 992). Therefore, it is plausible that the antigen for the IEN type is not 
a desmosomal protein. The results of this study reinforce the view that 
distinct antigen profiles are responsible for the dinico-pathologic 
differences between the DEN and SPD types of IgA pemphigus. 

Although the target antigen of these IgA autoantibodies has been 
identified, their pathogenic role has not been directly confirmed. 
This question should now be resolved using the mouse model, as 
has been done for pemphigus autoantibodies. This study also shows 
that immunofluorescence using cells transfected with cDNA en- 
coding possible antigen proteins is a useful method for defining 
antigens whose epitopes are conformation-dependent and so can- 
not be detected with conventional immunoblotting. 
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Summary 

Stiff-Man syndrome (SMS) is a rare disease of the central nervous system (CNS) characterized 
by progressive rigidity of the body musculature with superimposed painful spasms. An autoimmune 
origin of the disease has been proposed. In a caseload of more than 100 SMS patients, 60% 
were found positive for autoantibodies directed against the GABA-syn wesizing enzyme glutamic 
^d decarboxylase (GAD). Few patients, ail women affected by breast cancer, were negative for 
UAD autoantibodies but positive for autoantibodies directed against a 128-kD synaptic protein. 
We report here that this antigen is ampmphysin. GAD and amphiphysin are nonintrinsic membrane 
proteins that are concentrated in nerve terminals, where a pool of both proteins is associated 
with the cytoplasmic surface of synaptic vesicles. GAD and amphiphysin are the only two known 
targets of CNS autoimmunity with this distribution. This finding suggests a possible link between 
autoimmunity directed against cytoplasmic proteins associated with synaptic vesicles and SMS 



Stiff-Man syndrome (SMS) is a rare human central nervous 
system (CNS) disease, characterized by chronic rigidity 
. of the body musculature with superimposed painful spasms 
(1). It is thought to result from an impairment of inhibitory 
pathways that control motor neuron activity (2-4). It was 
previously suggested that SMS may have an autoimmune 
pathogenesis. 60% of the patients affected by this condition 
are positive in their serum and cerebrospinal fluid (CSV) for 
autoantibodies directed against the GABA-synthesizing en- 
zyme glutamic acid decarboxylase (GAD) (5-8). In our cur- 
rent caseload of 119 patients referred to us with a clinical 
diagnosis of SMS, 72 were found positive for these autoanti- 
bodies (Guarnaccia, J., M. Solimena, K. Marek, and P. De 
Camilli, unpublished observations). In the SMS patient sub- 
population positive for GAD autoantibodies, a frequent oc- 
currence of insulin-dependent diabetes mellitus and of other 
organ-specific autoimmune diseases is observed (6, 7). 
We have recently described three female patients with SMS 



and breast cancer and no signs of organ-specific autoimmune 
diseases. These three patients (referred to henceforth as pa- 
tients BC-SMS 1, 2, and 3, respectively) were negative for 
GAD autoantibodies but were positive for autoantibodies 
directed against a 128-kD neuronal antigen concentrated at 
synapses (9). We have now identified a fourth patient with 
both breast cancer and SMS syndrome. This patient (BC-SMS 
4), as well, was positive for autoantibodies to the 128-kD 
protein (this study). The characterization of this autoantigen 
is crucial to the elucidation of pathogenetic mechanisms in 
SMS with breast cancer. 

Recently, a novel synaptic vesicle-associated protein, am- 
phiphysin, was described (10). This protein was identified 
by screening a chicken brain Xgtll library with antibodies 
raised against chicken brain synaptic proteins. Amphiphysin, 
an acidic protein present in chicken as well as in mammalian 
nervous tissue, was shown by immunocytochemistry to be 
concentrated in nerve terminals. A large fraction of am- 
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phiphysin is present in cytosolic fractions of brain homogenates 
but a pool of the protein is recovered in a tightly bound form 
in highly purified synaptic vesicles, although the protein is 
not enriched on these organelles (10). Some of the properties 
of amphiphysin were reminiscent of the properties of the 128- 
kD antigen (10). Therefore, a detailed comparison of the char- 
acteristics of the two proteins was performed. We report here 
that the 128-kD antigen is amphiphysin. 

Materials and Methods 

Materials. Three sera of SMS patients affected by breast cancer 
were previously described (9). These sera, defined BC-SMS 1, 2, 
and3, correspond to sera of patients 1, 2, and 3, respectively, of 
reference 9. Serum BC-SMS 4 is from a new patient with both 
conditions. A GAD autoantibody-positive human serum is from 
our caseload of SMS sera (6, 8). Rabbit polyclonal antibodies directed 
against a /J-galactosidase chicken amphiphysin fusion protein were 
previously described (10). These antibodies were shown to recog- 
nize rat amphiphysin (10). Rabbit sera directed against synaptophysin 
(11) and GAD (serum no. 6799 (12)) were the kind gift of Dr. R. 
Jahn (Yale University, New Haven, CT), and Drs. Z. Katarova and 
G * Szabo (Hungarian Academy of Sciences, Szeged, Hungary), 
rapecthdy. Small-scale rysates of bacteria expressing 0-gaIactosidase 
fusion proteins were prepared according to reference 13. 0TC3 and 
aTC9 cell lines were the kind gift of Drs. D. Hanahan (University 
of California, San Francisco, CA), S. Efrat (Albert Einstein Col- 
lege of Medicine, New York, New York), and E. Leiter (Jackson 
Laboratories, Bar Harbor, ME), and PC12 cells were the gift of 
Dr. L. Greene (Columbia Univenity, New York). 

Western Blotting of One- and Two-dimensional Gek Total rat brain 
homogenate was prepared as described (6, 14). Postmiclear super- 
natants of rat tissues and of cell lines were prepared by homogeni- 
zation in 10 vol of ice-cold 10 mM Hepes buffer, pH 7.4, con- 
taining fieshly added protease inhibitors (0.1 mM PMSF, 1 jig/ml 
each of antipain, leupeptm, aprotinin, and pepstatin A) followed 
by centrifogation at 1,000* for 10 rnin at 4°C. For two-dimensional 
gels,^ this supernatant (SI) was centrifuged at 170,000 g for 2 h 
at 4°C and the resulting supernatant was analyzed by the proce- 
dure described by OTarrell et al. (15) and modified by Ames and 
Nikaico (16). Western blotting was performed as described (6, 14) 
using ^I-protein A. Patient sera were used at the dilution of 
1:250. 

CeU Fractionation and Triton X-114 Phase Separation, Apostnudear 
supernatant of rat brain (SI) was prepared as described above. SI 
was centrifuged at 36,000 g for 30 rnin at 4°C. The resulting su- 
pernatant (S2) was separated into particulate (P3) and cytosolic (S3) 
fractions by centrifugation at 170,000 g for 2 h at 4°C. P3 and 
S3 were extracted in 2% Triton X-114, and insoluble material was 
removed by centrifugation at 20,000 g for 30 min at 4°C. The 
soluble material was separated into detergent (D) and aqueous (A) 
phases as described (17). Volumes loaded in each lane were normal- 
ised so that corresponding aliquots of supematants and pellets (or 
detergent and aqueous phases) were loaded for each pair of fractions. 

ImmunoprecipitatiotL A soluble fraction of rat brain (S3) pre- 
pared as described above was extracted in ice-cold 2% Triton X-100 
150 mM NaCl, 10 mM Hepes, pH 7.4, for 2 h. Insoluble material 
was removed by centrifugation at 20,000 g for 30 min at 4°C. The 
resulting supernatant was diluted with an equal volume of 150 mM 
NaCl. 10 mM Hepes, pH 7.4 (buffer A), to a final protein concen- 
tration of 1 mg/ml. 900-/J aliquots of extract were precleared as 
described (5) and used for each imrnwioprecipitation. For immu- 



noprecipitation, the following additions were made in sequential 
order: (a) 25 (i\ human sera (16 h); (b) 20 yl rabbit anti-human 
IgGs (1.5 h); and (c) 125 /il 50% protein A-Sepharose in buffer 
A (1.5 h). All incubations were performed at 4°C with rotation. 
Immunoprecipitoted material was recovered and analyzed by Western 
blotting as described (14). 

Results and Discussion 

Kg. 1 shows Western blots of total rat brain homogenate 
demonstrating that the 128-kD antigen, i.c, the protein rec- 
ognized by the sera of BC-SMS patient (lanes i-J), has the 
same electrophoretic mobility in SDS-PAGE as the protein 
recognized by rabbit scrum (iane 4) and afnnity-purined an- 
tibodies (lane 5) raised against a chicken amphiphysin fusion 
protein. Chicken amphiphysin was calculated to have a mo- 
lecular mass of 75.204 daltons, but in SDS-PAGE runs, it 
had an apparent molecular mass of 115-125 kD (10). This 
molecular mass is very similar to the one of 128 kD esti- 
mated here for the rat protein. Kg. 2 shows that the 128-kD 
antigen and amphiphysin have an identical isoelectric point 
of 4.7 in two-Amensional gels. Tins isoelectric pomt is sin^ 
to the predicted isoelectric point of 4.4, calculated on the basis 
of the amino acid composition of chicken amphiphysin (10). 

The distribution of the 128-kD antigen and of amphiphysin 
were compared in the course of subcellular fractionation of 
brain homogenates. As shown in Kg. 3, a and b, both the 
autoantigen and amphiphysin were present in roughly equal 
amounts in a cytosolic fraction (S3) and in a particulate frac- 
tion (P3) obtained from rat brain. Synaptophysin, an intrinsic 
membrane protein of synaptic vesicles, was present exclusively 
in the particulate fraction (P3) (Kg. 3 c), demonstrating that 
the centrifugation conditions used were sufficient to sediment 
all membranes. Membrane-bound amphiphysin was previously 
shown to be recovered in the aqueous phase after Triton X-114 
extraction and phase separation (10). As shown in Kg. 3, 
a and b t both the 128-kD antigen and amphiphysin were com- 
pletely solubilized by Triton X-114 and were recovered ex- 
clusively in the aqueous phase irrespectively of whether the 
extraction was performed on P3 or S3 (Kg. 3, a and b). The 
effectiveness of phase separation conditions was confirmed 
by the presence of the bulk of synaptophysin (a protein with 
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Figure 1. The 128-kD antigen and 
amphiphysin have identical electro- 
phorctic mobilities is SDS gels, 
western blots of total rat brain ho- 
mogenate probed with sera of three 
BC-SMS patients and rabbit antiam- 
phiphyrin antibodies (lane 4, crude 
serum [AmphS]; lane 5, amnity- 
purified antibodies [AmpfhAP]). The 
antigen is indicated by an 
arrow. The single band of am- 
phiphysin and of the 128-kD antigen 
visible in this gel can be resolved in 
a doublet of two closely spaced bands 
under different electrophoresis condi- 
tions (9, 10). 
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Figure 2. The 128-kD antigen and amphiphysin have identical dec- 
trophoretic mobilities in two-dimensional gels. Western blot of two- 
dimciisional gels of a soluble rat brain fraction probed with BC-SMS 1 
serum (a) and rabbit antiamphiphysin serum (4). Numbers at the top indi- 
cate isoelectric points, numbers at the left indicate molecular mass markers 
(in kD). 



four transmembrane regions (18)) in the detergent phase ob- 
tained from P3 (Kg. 3 c). 

The 128-kD antigen and amphiphysin were found to be 
immunologically cross-reactive. To prove that antiamphiphysin 
antibodies recognize the 128-kD antigen, BC-SMS patient 
sera were used to raimunopredpitate the 128-kD antigen from 
soluble extracts of rat brain. The presence of amphiphysin 
in the immunopredpitate was then analyzed by Western blot- 
ting using antiamphiphysin serum. An immunoreactive band 
with electrophoretic mobility of 128 kD was detected (Eg. 
4 a f lanes 1-3) while no GAD was recovered in the same 
irnmunoprccipitates (Kg. 4 6, lanes 1-3) confirming previous 
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Figure 3. The 128-kD antigen and amphiphysin partition similarly in 
differential centrifugation and Triton X-114 phase separation. Particulate 
(Pj) and cytosolic (Sj) fractions of rat brain were attracted in Triton X-114 
and centrifuged to obtain a soluble (sot) and an insoluble (ins) fraction. 
The Triton X-114-soluble material (lanes 3 and 8) was separated into de- 
tergent (D; lanes 4 and 9) and aqueous (A; lanes 5 and 10) phases. The 
fractions were probed by immunoblotting with antiamphiphysin affinity- 
purified antibodies (AmphAP), with BC-SMS 1 serum (BC-SMS 1). and 
with antisynaptophysin serum (Syttapt-S). The 128-kD antigen and am- 
phiphysin were recovered in both the cytosolic (S3) and in the particulate 
(P3) tractions, and exclusively in the Triton X-114 aqueous phase derived 
from these fractions. Synaptophysin, which is an integral membrane pro- 
tein with four transmembrane spanning domains, is recovered only in P3 
and primarily in the detergent phase derived from the Triton X-114-soluble 
material obtained from P3. 



results (9). As a control, inraunoprecipitation was performed 
with a SMS patient serum that contained high-titer anti-GAD 
antibodies (6, 8), but no antibodies against the 128-kD auto- 
antigen. This immunoprecipitate was positive for GAD (Kg. 
4 6, lane 4), but not for amphiphysin (Kg. 4 a t lane 4). Con- 
versely, a protein of 128 kD was detected when an immuno- 
precipitate obtained with antiamphiphysin serum was im- 
munoblotted with BC-SMS patient sera (not shown). To 
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Figure 5. BC-SMS patient sera recognize recombinant amphiphysin. 
Western blots of three identical gd triplets reacted with sera BC-SMS 2, 
3, and 4, as indicated. Lanes 1 , bacterial lysate expressing a 165-kD fusion 
proton of 0-galactosidase with a yet unidentified synaptic protein (clone 
10.12.1; a Lichte, and M.W. Kilimann, unpublished observation). Lanes 
2, bacterial lysate expressing a 0-galactosidase-chicken amphiphysin fu- 
sion protein (done amphy^HJ; fusion protein size ~230 kD) (10). Lanes 
J, chicken brain total homogenate. Identical results were obtained with 
serum BC-SMS 1 (not shown). Long and short arrows indicate the mobil- 
ities of the chicken amphiphysin fusion protein and of the control fusion 
protein, respectively. Bands below the major immunopositive bands of 
lanes 2 most likely represent proteolytic fragments of the fusion protein. 
An arrowhead points to chicken brain amphiphysin. 
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Figure 6. The 128-kD antigen 
and amphiphysin have the same 
tissue distribution. Western blot 
of postnuclear supernatants of rat 
tissues (brain, pituitary, testis, 
liver) and endocrine cell lines 
<^*, J? -i* .^cAc? O^l 2 celk [rat chromaffin cell 

a iFf** <r<f*<rf line]; 0TC3 cells (mouse in- 

P — <■* ~ mt m BC-smsi sulmoma ]; aT C9 [mouse ghica- 
• gonoroa]) probed with either 

b fc~^ mm mm BC-SMS patient serum (BO 

*V W Amprv^ iA^^orantiamj^physbserum 

1 2 3 4 5 6 7 (AmpfhS). 



conclusively demonstrate that BC-SMS sera recognize am- 
phiphysin, they were tested against bacterial lysates containing 
recombinant ampbiphysin as shown in Fig. 5. BC-SMS sera 
labeled a /S-galactwidase-chicken amphiphysin fiision protein 
(Fig. 5 t lanes 2) and chicken brain amphiphysin (Eg. 5, lanes 
J), but not a control fusion protein (Kg. 5 f lanes 1). 

Amphiphysin was previously shown to have a restricted 
tissue distribution (10). Amphiphysin mRNA was detected 
at high levels in brain and at lower levels in adrenal gland. 
By immunoblotting amphiphysin was detected in the anterior 
and posterior pituitary as well (10). The expression of am- 
phiphysin was compared with that of the 128-kD antigen 
in a variety of tissues and cell lines using Western blotting. 
Fig. 6 shows that the serum of a BC-SMS patient and the 
rabbit serum directed against amphiphysin label a similar pro- 
ton in brain, pituitary, and cell lines derived from adrenal 
chromaffin cells (PC12 cells) and from pancreatic or and B 
cefls (aTC9, 0IC3) (19, 20) but not in liver. Presence of am- 
phiphysin in all cells of pancreatic islets was confirmed by 
immunocytochemistry (not shown). Endocrine cells of the 
anterior pituitary, adrenal medulla, and pancreatic islets have 
many biochemical and functional similarities to neurons and 
contam organeHes closely related to neuronal synaptic vesicles 
(21, 22). In addition, both amphiphysin and the 128-kD an- 
tigen were detected in the testis (Fig. 6). By imrnunocyto- 
chenustry with BC-SMS sera, amphiphysin unmunoractivity 
in the testis was found to be confined to germ cells. All germ 
oeUs expressed amphiphysin irrespective of their stage of 
cofTerentiation (from spermatogonia to mature spermatozoa) 
(not shown). Previously, amphiphysin mRNA could not be 
detected in chicken testis (10), but this was probably so be- 
cause the RNA had been purified from immature testis of 
7-d-old animals. It should be noted that GAD as well is ex- 
pressed in male germ cells (23). 



These data convincingly demonstrate that the 128-kD an- 
tigen is amphiphysin. Amphiphysin contains in its sequence 
a hydrophobic 21-amino acid region that would be compe- 
tent to form a transmembrane helix (10). However, the 
recovery of amphiphysin both in soluble and membrane frac- 
tions (10) as well as the presence of a pool of the protein 
detectable by mimunocytoAanistry throughout the neuronal 
cytoplasm (9) indicate that amphiplrysin is not an mtrinsic 
membrane protein. Like amphiphysin, GAD, the other major 
autoantigen of SMS, is concentrated in nerve terminals where 
it interacts with synaptic vesicles but is not an intrinsic mem- 
brane protein (14, 24-26). While GAD is expressed only by 
GABA-secreting neurons, amphiphysin is not restricted to 
these neurons (9, 10). 

The similar subcellular localization of GAD and am- 
phiplrysin is intriguing if one considers that they are the only 
two known targets of CNS autoimmunity with this distri- 
bution. This observation raises the possibility that pathogenetic 
mechanisms in SMS may be linked to CNS autoimmunity 
directed against presynaptic components that interact with 
synaptic vesicles. Autoantibodies directed against GAD and 
amphiphysin are not likely to be directly pathogenetic be- 
cause antibodies are not thought to have access to the cyto- 
plasmic compartment. They may represent the dominant au- 
toantibody species in the context of an autoimmune response 
directed against multiple antigens (27), mcluding proteins 
exposed at the cell surface that may be the pathogenetic targets 
of the autoimmune response. Alternatively, these autoanti- 
bodies may reflect an autoimmune reaction in which T cells 
are Ae primary players. GAD and amphiphysin autoantibodies 
segregate with two SMS patient subpopulations, each charac- 
terized by different associated diseases. GAD autoanti- 
body-positive SMS is often associated with organ-specific au- 
toimmune diseases and primarily insulin-dependent diabetes 
meUitus (3-7). Amphiphysin autoantibody-positive SMS 
occurs only in association with cancer (9) and has the charac- 
teristics of an autoimmune paraneoplastic syndrome (28, 29). 
Therefore, the two patterns of autoimmunity are likely to 
be related to these different associated conditions. Further 
studies of antiamphiphysin autoimmunity and of the func- 
tion of amphiphysin or amphiphysin-related molecules not 
only may shed some light on pathogenetic mechanisms in 
SMS, but may also help in the elucidation of the biology of 
at least some types of cancer. Although amphiphysin was not 
detected in breast cancer tissue (9), it will be of interest to 
determine whether amphiphysin-related proteins are expressed 
in breast cancer. 
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Autoantibodies to Glutamate Receptor GluR3 in 
Rasmussen's Encephalitis 



Scott W. Rogers,* P. Ian Andrews, Lorise C. Gahring, 
Teri Whisenand, Keith Cauley, Barbara Crain, 
Thomas E Hughes, Stephen F. Heinemann, 
James O. McNamara 

Rasmussen's encephalitis is a progressive childhood disease of unknown cause charac- 
terized by severe epilepsy, hemiplegia, dementia, and inflammation of the brain. During 
efforts to raise antibodies to recombinant glutamate receptors (GluRs), behaviors typical 
of seizures and histopathologic features mimicking Rasmussen's encephalitis were found 
in two rabbits immunized with GluR3 protein. A correlation was found between the pres- 
ence of Rasmussen's encephalitis and serum antibodies to GluR3 detected by protein 
immunoblot analysis and by immunoreactivity to transfected cells expressing GluR3. 
Repeated plasma exchanges in one seriously ill child transiently reduced serum titers of 
GluR3 antibodies, decreased seizure frequency, and improved neurologic function. Thus, 
GluR3 is an autoantigen in Rasmussen's encephalitis, and an autoimmune process may 
underlie this disease. 



Rasmussen's encephalitis is a rare, progres- 
sive, catastrophic disease of unknown patho- 
genesis mat begins in the first decade of life, 
affecting previously normal children (J). The 
disease afects the cortex of a single cerebral 
hemisphere, resulting in intractable seizures, 
hemiparesis, and dementia. The diagnosis is 
established by these typical clinical features, 
together with hemispheric atrophy and a 
characteristic inflammatory histopathology 
(J, 2). Treatment of the incapacitating sei- 
zures with corrventional anticonvulsants is of 
limited benefit. Surgical removal of the affect- 
ed hemisphere is the standard therapy. Glu- 
tamate and related amino acids are the pre- 
dominant excitatory neurotransmitters in the 
mammalian central nervous system (CNS) 
(3) and have been implicated in neurodegen- 
erative diseases and epilepsy. To generate 
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subtype-specific antibodies to recombinant 
GluR proteins, we immunized rabbits with 
bacterially expressed trpE gene fusion proteins 
that included a portion of the putative extra- 
cellular domain of GluRl , 2,3, 5, or 6 or the 
putative cytoplasmic domain of subunits (fJ4) 
of the neuronal nicotinic acetylcholine recep- 
tor (nAChR) family (4). 

After four immunizations with GluR3 
fusion protein, two rabbits developed high 
titers of GluR3 antibodies, anorexia, and 
behaviors characteristic of seizures, consist- 
ing of brief periods of immobilization, un- 
responsiveness, and repetitive clonic move- 
ments. One rabbit had severely lacerated its 
tongue, suggestive of tongue biting during a 



seizure. By contrast, no behavioral abnor- 
malities were seen in another rabbit immu- 
nized with GluR3 fusion protein or in any 
of more than 50 rabbits injected with fusion 
proteins containing GluRl, 2, 5, or 6 or 
neuronal nAChR subunits, although high 
titers of the appropriate antibodies were 
observed (4). Gross examination of the 
brains of the symptomatic, GluR3-immu- 
nized rabbits disclosed no abnormality. 
However, microscopic examination dis- 
closed inflarnmatory changes consisting of 
microglial nodules and perivascular lym- 
phocytic infiltration mainly, but not exclu- 
sively, in the cerebral cortex, together with 
lymphocytic infiltration of the meninges 
(Fig. 1). Microscopic examination of the 
brain of the asymptomatic rabbit immu- 
nized with GluR3 fusion protein disclosed 
no abnormality. We reasoned that the rab- 
bits' symptoms and inflammatory CNS his- 
topathology probably represented an au- 
toimmune process directed against GluR3, 
on the basis of the immunization history, 
the occurrence of symptoms only in GluR3- 
immunized rabbits, and the similar distribu- 
tion of inflammatory pathology in these 
animals and GluR3 mRNA in normal ani- 
mals (5). The occurrence of disease in 
some, but not all, GluR3-immunized rab- 
bits is similar to the incidence of autoim- 
mune myasthenia gravis in mice immunized 
with nAChR (6). 

These symptomatic rabbits resembled 
individuals with Rasmussen's encephalitis. 
Common features include (i) recurrent sei- 
zures (I); (ii) inflammatory histopathology, 
characterized by meningeal and perivascu- 
lar lymphocytic infiltrates and microglial 
nodules (Fig. 1) (2); and (iii) predominant 



Fig. 1. Characteristic 
histopathology of neo- 
cortex of one symptom- 
atic rabbit immunized 
with GluR3 (A through 
C) and comparable 
sections from resected 
temporal lobe of indi- 
vidual Al (D through F). 
(A) and (D) Neocortex 
with meningeal lympho- 
cytic infiltrate (arrow) 
and a microglial nodule 
(double arrow) . Bars 
are 200 um (B) and (E) 
Microglial nodules from 
(A) and (D). Bars are 50 
um. (Q and (F) Peri- 
vascular lymphocytic 
cuffing from entorhtnal 
cortex in the rabbit and 
amygdala in individual 
Al. Bars are 100 u.m. 
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localization of this inflammatory process in 
the cerebral cortex with relative sparing of 
the basal ganglia, thalamus, deep white 
matter, brainstem, and cerebellum (2)* We 
therefore hypothesked that Rasmussen's 
encephalitis is due to an autoimmune pro- 
cess directed at GluR3 protein. 

To test this idea, we measured immuno- 
reactiviry toward GluR3 and other neural 
receptors in sera from four individuals with 
pathologically confirmed Rasmussen's en- 
cephalitis, four age- and sex-matched epi- 
leptic children, four age- and sex-matched 
children without CNS disease, five children 



with active CNS inflammation, four other 
epileptic children, and four other normal 
children. Protein immunoblot analysis was 
performed with trpE fusion proteins con- 
taining corresponding regions of the puta- 
tive extracellular domains of GluRl, 2, 3, 
and 5 (Fig. 2 and Table 1) and a portion of 
the putative intracellular domain of 
nAChR subunit 04 (4, 7, 8); blots were 
interpreted by observers unaware of the 
sources of the sera, Immunoreactivity to 
GluR3 fusion protein was detected in mul- 
tiple sera samples from two individuals with 
Rasmussen's encephalitis [CK in (9); AI in 



GfuR 
(kO) 1 2 3 5 




Rg. 2. Prominent serum reactivity 
toward GluR3-frp£ fusion protein 
in an individual with active Ras- 
mussen's encephalitis. Protein 
extracts enriched in fusion pro- 
teins were loaded on the desig- 
nated lanes (GluRl, 2, 3. and 5) 
and visualized (4, 8). The site at 
which GluR fusion proteins reside 
is denoted by the arrowhead in (A). (A) Serum immuroreactrvity of a rabbrt immunized with trpE 
protein devoid of GluR protein. Because each GluR fusion protein contains trpE protein, each GluR 
fusion protein exhibits immunoreacth/ity. The bands not marked by the arrowhead represent 
irrelevant immunoreactivity, principally to bacterial proteins or to fragments of GluR fusion protein. 
(B) No irrtmunoreactivtty to any GluR fusion protein is evident in serum from the individual (GO) 
without active disease. This blot was typical for sera of 20 of 21 controls. (Q Serum from individual 
AI shows imrnunoreactivity to GluR3, but not to any other GluR. (D) We first adsorbed serum from 
individual AI with lysate from trp&expressing £ coli to remove Immunoreactivity to bacterial 
antigens (4. 8). The main GluR3 Irnmunoreactrvity is shown, with smaller faint bands presumably 
representing GluR3 fusion protein degradation products. Of the individuals tested, this serum 
exhibited the most prominent imrnunoreactrvity to GluR3. Molecular size standards are shown at left 
(in kilodaJtons). 

Table 1. Summary of serum immunoreactivity to GluR in individuals with Rasmussen's encephalitis. 
Initials of all individuals were changed to protect their Identity. Sz. seizures; GM Sz, generalized. 
Ionic clonic seizures; R1, GluRl; and R6, GluR6 transiently expressed in transfected cells. 

Immunoreactivity 



Immunoblot 



In cells 



AI, progressive 
CK. progressive 
EM, hemiparesis, Sz 
GO, stable, no Sz 

Absence + GM Sz 
Simple, partial Sz 
Complex, partial Sz 
Posttraumatic Sz 

CNS lupus erythematosus 
CNS lupus erythematosus 
Multiple sclerosis 
Varicella encephalitis 
Tuberculous meningitis 

Cardiac surgery 
Trauma 
Trauma 
Obesity 

Four children 

Four children 



Rasmussen patients 
GluR3 

GIuR3; weak GluR2 
Weak GluR2 
None 

Age- and sex-matched epileptic controls 
None 
None 
None 
None 

Children with active CNS inflammation 
None 
None 
None 
None 
None 

Age- and sex-matched normal controls 
GluR3 
None 
None 
None 

Epileptic children 
None 

Normal children 
None 



GluR3 (not R1 or R6J 
GluR3 (not R1 or R6) 
GluR3 (not R1 or R6) 
None 

None 
None 
None 
None 

None 
None 
None 
None 
None 

None 
None 
None 
None 

None 

None 



Fig. 2]. CK also exhibited weak immunore- 
activity to GluR2 fusion protein. Serum 
from a third individual with Rasmussen's 
encephalitis (EM) exhibited weak immuno- 
reactivity to GluR2 fusion protein but not 
to other antigens (9). The fourth individual 
with Rasmussen's encephalitis (GO) did 
not exhibit serum immunoreactivity to any 
tested antigen. Sera from 20 of 21 control 
individuals showed no immunoreactivity, 
and one control serum showed immunore- 
activity to GluR3 (JO) that was different 
from the serum GluR immunoreactivity 
exhibited by individuals with Rasmussen's 
encephalitis (P = 0.006; Fisher's exact 
test). 

To obtain independent validation of 
GluR immunoreactivity in these sera, we 
examined immunoreactivity toward full- 
length GluR3 protein in its three-dimen- 
sional conformation. Human embryonic 
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Fig. 3. Serum immunoreactivity toward trans- 
fected HEK 293 cells expressing either GluR3 
or ^-galactosidase {11), (A) Serum from one 
symptomatic, GluR3-immunized rabbit reacts 
with cells expressing GluR3. (B) Sera from 
control individuals exhibit no immunoreactivity. 
Immunoreactivity to transfected ceils express- 
ing GluR3 is present in sera of those individuals 
with active Rasmussen's encephalitis: EM (D), 
CK (E). and AI (F) but not in individual GO (C). 
who exhibits no active disease. 
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kidney (HEK) 293 cells were transiently 
transfected with expression plasmids con- 
taining the complementary DNA (cDNA) 
for GluR3 or (J-galactosidase (1J). Sera 
from the three individuals with Rasmussen's 
encephalitis that exhibited irnmunoreactiv- 
ity to GluR3 or GiuR2 on protein immu- 
noblots also reacted with transfected cells 
expressing GluR3 (Fig. 3 and Table 1). 
Serum from the fourth individual with Ras- 
mussen's encephalitis, which was negative 
by protein immunoblot analysis, did not 
react with transfected cells. None of the 
control sera reacted with transfected cells, 
including the single control serum that was 
positive on the protein immunoblot (10). 
The correlation between serum immunore- 
activity to GluR3 and Rasmussen's enceph- 
alitis was significant (P = 0.002; Fisher's 
exact test). Sera from individuals with Ras- 
mussen's encephalitis did not react with 
transfected cells expressing the closely re- 
lated GluRs GluRl or GluR6, demonstrat- 
ing the specificity of the GluR3 immunore- 
activity. All measurable immunoreactivity 
in these individuals was of the immuno- 
globulin G (IgG) class. 

GluR immunoreactivity correlated with 
clinical Endings of Rasmussen's encepha- 
litis. The three individuals (AI, CK, and 
EM) with GluR immunoreactivity on pro- 
tein immunoblot and GluR3 immunoreac- 
tivity on transfected cells have progressive 
disease or ongoing seizures. The only in- 



Fig. 4. Correlation of seizure fre- 
quency (B), neurologic function 
(C), and GluR3 imrrturtoreactMty 
(A) in individual CK before and 
during 11 weeks of repeated PEX 
[indicated by arrows in (B)). Before 
PEX, GluR3 antibody titer was high. 
She had 10 to 12 right body or 
generalized seizures daily, mild 
right hemiparests, and no sponta- 
neous speech. She was unable to 
read or solve simple math prob- 
lems, and her writing and drawing 
were primitive. During Ihe first 7 
weeks of PEX, G!uR3 antibody titer 
measured immediately before 
each PEX decreased, in temporal 
association with reduced seizure 
frequency. She spoke spontane- 
ously in phrases and snort sen- 
tences; her understanding, right 
hemiparests, calculations, draw- 
ing, and writing improved. For the 
first time in 2 years, she resumed 
playing with dolts, riding a bicycle, 
and participating in household ac- 
tivities. During the last 4 weeks of 
PEX, GluR3 antibody titers gradu- 
ally increased, seizure frequency 
increased, and cognitive skills de- 
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dividual (GO) with Rasmussen's enceph- 
alitis without immunoreactivity to any 
GluR proteins by protein immunoblot or 
transfected cell analyses underwent hemi- 
spherectomy 2 years before data collection 
and has since remained clinically stable 
and seizure-free* 

The correlation between GluR3 immu- 
noreactivity and disease activity suggested 
that GluR3 antibodies could be pathogenic 
in Rasmussen's encephalitis. We therefore 
hypothesized that removal of GluR3 anti- 
bodies by recurrent plasma exchange (PEX) 
would be beneficial- CK, now 9 years old, 
was well until a minor, left forehead injury 
in 1990, following which she experienced 
increasingly frequent generalized and right 
body seizures with progressive cognitive de- 
cline, speech disability, right henuparesis, 
and left cerebral atrophy. No remissions 
occurred. Pathologic examination of a left 
temporal cortex biopsy confirmed the diag- 
nosis of Rasmussen's encephalitis. GluR3 
immunoreactivity, monitored with an en- 
zyme-linked urimunosorbent assay (EUSA) 
(4/ 12), was high. She was treated with 
recurrent, single-volume PEX and exhibited 
a beneficial response (Fig. 4). During the 
first 7 weeks of PEX, seizure frequency de- 
creased by 80%. Cognition, speech, and 
hemiparesis improved, correlating in time 
with diminished GluR3 immunoreactivity. 
Over the ensuing 4 weeks, however, seizure 
frequency increased, and cognition, speech, 
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Before PEX 
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dined. Numbers in (C) were written by the individual during week 4 of PEX. We omitted the 
individual's last name from her writing during week 4 of PEX to protect her identity. During PEX, other 
therapies were unchanged. 



and motor skills deteriorated in parallel with 
increased GluR3 immunoreactivity. 

Molecular mimicry between self and for- 
eign antigens expressed in microbes is one 
mechanism that has been proposed for the 
pathogenesis of autoimmune diseases (13). 
Structural similarities have been identified 
between the ligand-binding domains of 
multiple classes of GluRs and bacterial peri- 
plasmic amino acid-binding proteins (14). 
Infection with such microbes may induce 
an immune response that also targets 
GluRs. 

The transient improvement after PEX 
in one seriously ill child suggests that 
circulating antibodies contribute to dis- 
ease pathogenesis. The circulating auto- 
antibodies would have to gain access to 
GluR3 in the brain, which is normally 
protected by the blood-brain-barrier 
(BBB). Focal disruption of the BB8 can 
occur transiently with focal seizures (15) 
or as a consequence of head injury (16), 
an event that occasionally precedes Ras- 
mussen's encephalitis (2, 17). After dis- 
ruption of the BBB, we hypothesize that 
the ensuing immune-mediated neural in- 
jury could trigger focal seizures. Thus, a 
cycle could be set in motion whereby focal 
seizures disrupt the BBB and facilitate the 
local access of pathogenic antibodies to 
brain antigens; the subsequent immune 
response could cause more seizures; and a 
progressive disorder results. This cycle 
could also explain the localized cortical 
onset of disease and the gradual expansion 
throughout one hemisphere. The contra- 
lateral hemisphere would be spared be- 
cause it would not be a source of focal 
seizures, and the BBB would be relatively 
preserved. 

Our data establish a link between cir- 
culating antibodies to a ligand-gated ion 
channel receptor of the CNS and a pro- 
gressive encephalopathy with epileptic sei- 
zures. A related process may be operative 
in other forms of epilepsy, because histo- 
pathology similar to that of Rasmussen's 
encephalitis has been identified in 5 U- 
10% of individuals undergoing temporal 
lobectomy for refractory epilepsy (18). 
Related processes may also contribute to 
other CNS disorders with inflammatory 
histopathology. 
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Variable Gearing During Locomotion in the Human 
Musculoskeletal System 

David R. Carrier,* Norman C. Heglund, Kathleen D. Earls 

Human feel and toes provide a mechanism for changing the gear ratio of the ankle extensor 
nusdes during a running step. A variable gear ratio could enhance muscle performance 
juring constant-speed running by applying a more effective prestretch during landing, while 
-naintaining the muscles near the high-efficiency or high-power portion of the force-velocity 
surve during takeoff. Furthermore, during acceleration, variable gearing may allow muscle 
contractile properties to remain optimized despite rapid changes in running speed. Force- 
plate and kinematic analyses of running steps show low gear ratios at touchdown that 
increase throughout the contact phase. 



Toes were present in the earliest tetrapods 
(1) and occur in all modem tetrapods ex- 
cept those that are highly specialized for 
limbless or aquatic locomotion. Feet and 
toes form an adaptable interface between 
the animal and its environment. They pro- 
vide traction and a means for grasping the 
substrate, function as various tools and 
weapons (2) , and help to maintain balance 
(3). In this report, we suggest that feet and 
toes improve locomotor performance by 
varying the gear ratio (that is, the velocity 
ratio) between the ankle extensor muscles 
and the point of application of the force on 
the ground (the center of force) during the 
course of the contact phase of a running 
step. 

The proposed mechanism is easily visu- 
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alized during running at a steady speed (Fig. 
1). The foot is analyzed as a simple Type 1 
lever of zero mass with the fulcrum at the 
ankle by means of the equation RxF, = t 
X F mt where R is the ground force moment 
arm, F r is the ground reaction force, r is the 
muscle force moment arm, and F m is the 
muscle force. During the contact period of a 
step, the point at which force is applied to 
the ground (the center of force) moves from 
under the heel or middle portion of the foot 
at touchdown to the tips of the toes at 
takeoff. This forward translation could in- 
crease the length of the moment arm be- 
tween the ankle and the force exerted on 
the ground (R) and, therefore, increase the 
gear ratio (R/r) of the ankle extensor mus- 
cles and tendons. 

Variable gearing would be advantageous 
in running, as it is in the automobile, 
because in both cases the motors (cross- 
bridges in muscle and pistons in engines) 
have a limited speed range over which they 
operate at peak power or efficiency (4). In 
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order to maintain a narrow range of optimal 
engine speeds despite varying drive speeds, 
the ratio of engine speed to drive speed 
must be changed by a variable gear ratio. 
Furthermore, muscles have unique proper- 
ties that can benefit from variable gearing 
within the contact phase of a running step. 
Active muscles that are forcibly stretched 
just before shortening are able to do more 
work during the shortening. This nonelas- 
tic enhancement of the contractile proper- 
ties of the muscle increases, within limits, 
with increasing stretch length (5) but is 
effective over relatively small shortening 
distances. If a runner were to land at a low 
gear ratio and take off at a higher gear ratio, 
both the prestretch and the subsequent 
shortening of the muscles could be opti- 
mized. Thus, variable gearing could reduce 
* the need for locomotor specialization, al- 
lowing individuals to move about more 
efficiently, accelerate more quickly, run 
faster, and jump higher. 

To test this hypothesis, five people (3 
males and 2 females) ran over a Kistler 
928 IB force plate. Four of these people also 
accelerated maximally over the force plate, 
starting just off the plate so that the first 
step landed on the plate. A lateral view of 
limb position was recorded with a Peak 
high-speed video camera at 1 20 images per 
second (Fig. 1). Recordings of forces on the 
ground allowed calculation of the magni- 
tude and orientation of the ground reaction 
force and the position of the center offeree 
under the foot. For each video image taken 
during foot support (at 8.33-ms intervals), 
the ground force moment arm (R) was 
calculated by dividing the moment at the 
ankle by the resultant of the horizontal and 
vertical ground forces. Similarly, the mus- 
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C&p/a2(-/-) null mutant mice develop normally but show 
deficient drug metabolism 

(cytochrome P4 50/ embryonic stem cells/a rylamine carcinogenesis) 
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ABSTRACT Cytochrome P450 1A2 (CYP1A2) is a pre- 
dominantly hepatic enzyme known to be important in the 
metabolism of numerous foreign chemicals of pharmacologic, 
toxicologic, and carcinogenic significance. CYP1A2 substrates 
include af la toxin B lf acetaminophen, and a variety of envi- 
ronmental arylamines. To define better the developmental 
and metabolic functions of this enzyme, we developed a 
CVPlA2-deficient mouse line by homologous recombination 
in embryonic stem cells.) Mice homozygous for the targeted 
Cypla2 gene, designated Cypla2(—/—) t are completely viable 
and fertile; histologic examination of 15-day embryos, new- 
born pups, and 3- week-old mice revealed no abnormalities j No 
CYP1A2 mRNA was detected by Northern blot analysis. 
Moreover, mRNA levels of CyplaJ, the other gene in the same 
subfamily, appear unaffected by loss of the Cypla2 gene. 
Because the muscle relaxant zoxazolaraiite is a known sub- 
strate for CYP1A2, we studied the Cypla2(-/-) genotype by 
using the zoxazol amine paralysis test: the Cypla2(- /—) mice 
exhibited dramatically lengthened paralysis times relative to 
the Cypld2{+/+) wild-type animals, and the Cypla2(+/-) 
heterozygotes showed an intermediate effect. Availability of a 
viable and fertile CYPlA2-deflcient mouse line will provide a 
valuable tool for researchers wishing to define the precise role 
of CYP1A2 in numerous metabolic and pharmacokinetic 
processes. 



Cytochromes P450 represent the major class of phase I drug- 
metabolizing enzymes (1). Members of this enzyme superfam- 
ily are responsible for the metabolism of innumerable foreign 
chemicals. In addition, because of the metabolism of many 
endogenous compounds such as steroids, vitamin D 3 , fatty 
acids, prostaglandins, and biogenic amines, cytochromes P450 
are believed to be essential for such critical life functions as cell 
division, differentiation, apoptosis, homeostasis, and neuroen- 
docrine functions (2-4). 

As of October 1995, the P450 gene superfamily was com- 
posed of more than 480 genes classified into 74 families, 14 of 
which exist in all mammals (5). Both the murine and human 
CYP1A subfamilies comprise two genes, designated Cyplal 
and Cypla2 in mouse, and CYPLA1 and CYP1A2 in humans (5, 
6). In mice, the Cypla genes appear to be located within a 
100-kb region on chromosome 9 (1, 7). The CYP1A enzymes 
are of particular interest due to their capacity for metabolizing 
numerous compounds relevant to the fields of pharmacology, 
toxicology, and carcinogenesis. In addition, both enzymes are 
induced by many foreign chemicals, including polycyclic aro- 
matic hydrocarbons (e.g., henzo[rt]pyrene) and 2,3,7.8- 
tetrachlorodibenzo-/?-dioxin (1, 4). The induction process is 
regulated by the aromatic hydrocarbon receptor (A1IR) (8, 9); 
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the murine Ahr gene has been cloned (10, 11) and an 
Ahr{-/~) mouse line has recently been produced (12). 

CYP1A2 is highly expressed in liver and is involved in the 
metabolism of many toxicologically significant compounds, 
including aflatoxin Bi, acetaminophen, and the food-derived 
heterocyclic amines (reviewed in ref. 13). In addition, most 
carcinogenic arylamines are known to be substrates for the 
human CYP1A2 enzyme (6, 14). To date, no endogenous 
substrate has been identified for the CYP1A2 enzyme, and 
there is little evidence for any physiologic role other than 
protection from chemical insult. On the basis of caffeine 
metabolism, two laboratories have suggested the presence of a 
human CYP1A2 genetic polymorphism, having a trimodal 
distribution of metabolizer phenotype (consistent with high/ 
high, high/low, and low/low genotypes) in several populations 
(15,16). 

To define more clearly the involvement of the CYP1A2 
enzyme in toxicity and carcinogenesis elicited by a variety of 
environmental chemicals, we have generated an embryonic 
stem (ES) cell-derived mouse line lacking a functional 
CYP1A2 enzyme. These null mutant mice exhibit normal 
development, viability, and fertility. The availability of this 
healthy Qpi^-deficient mouse line should provide an invalu- 
able resource for researchers wishing to define the precise role 
of CYP1A2 in the metabolism of foreign, and perhaps endog- 
enous, chemicals.* 

MATERIALS AND METHODS 

Cloning of 129/SV Cypla2 Genomic DNA. Using the mouse 
1.5-kb 3' Qp7a2-specific cDNA probe (17), we isolated a 
129/SV mouse genomic DNA clone isogenic to the ES cells 
used for recombination. DNA cloning and purification were 
performed as described (18). From the isolated clone, span- 
ning 19 kb, we subcloned an 11-kb EcoRl fragment of the 
Cypla2 gene into pBIuescript II SK(+) (Stratagene). The 
wild-type £c»RI fragment includes exons 2-7 and the 3' end 
of the Cypla2 gene (Fig. 1 Upper). 

Construction of Cyplal Gene-Targeting Vectors. The hy- 
poxanthine phosphoribosyltransferase Qtprt) gene-based vec- 
tors used for targeting the Cypla2 gene were derived from the 
parent vector, pHPRT KO; this vector is derived from pBIue- 
script II SK(+), contains a 2-kb Kpn I blunt -ended herpes 
simplex virus (HSV) thymidine kinase (tk) gene cassette, and 
features a 2.9-kb Not \-EcoKl blunt-ended hprt minigene 
cassette subcloned into the Hin6\\\ site (19). To generate the 
two vectors used for targeting, we subcloned a 0.4 -kb ///VtdlH- 



Abbreviations: ES cell, embryonic stem cell; GAPDH. glyccraldehyde- 
3-phosphate dehydrogenase. 
§To whom reprint requests should be addressed. 
^This work was presented in abstract form at the Annual Meeting of 
the Society of Toxicology. March 5-9. 1995. Baltimore (4?). 
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Ro. 1. Targeted modifications of the murine Cyplal gene. (Upper) The wild-type allele with all seven exons (solid boxes) and the targeted allele 
(containing the hprt gene) are shown. Probe A was used for genomic DNA analysis. E, EcoRl; H, /ftndlll; B, BamHl; S, Stu I; sites in parentheses 
were lost during cloning/1 igation. The predicted wild-type, and targeted allele, restriction fragment sizes tor BamHl and Hindlll are shown. PI, 
P2, and P3 represent primers used for PCR analysis. (Lower) Diagnostic Southern blots for DNA from wild-type (WT) untargeted ES cells, plus 
DNA from six targeted ES cell lines designated 377, 370, 368, 345, 313, and 245. BamHl (B) and//indlll (H) digests were hybridized with the flanking 
probe A Heterozygote targeted lines contain the 7.2 -kb BamHl and the 5.5-kb tfwdlll fragments. M, molecular size markers. 



Stu I fragment from exon 2 of the Cyplal gene into either the 
BamHl site or the Cla 1 site of the pHPRT KO plasm id, 
generating products designated pHPRT KO BS and pHPRT 
KO CS, respectively. Subsequently, the Cla I site of the pHPRT 
KO BS plasmid and the BamHl site of the pHPRT KO CS 
plasmid were used to subclone a 6.6-kb BamHl-EcoRl frag- 
ment of the Cyplal gene. The resultant pi asm ids were desig- 
nated pHPRT KO BS-CL and pHPRT KO CS-BL, respectively 
(Fig. 2A). 

The targeting vecior used in our earlier experiments was 
constructed from the multipurpose knockout vector pMJK 
KO, also derived from pBluescript II SK(+). pMJK KO 
possesses features similar to pHPRT KO, except that the 
HMUl site of pBluescript II SK(+) was used for subcloning 
a 1.6-kb Xho I-///«dIII phophoglycerate kinase promoter- 
neomycin -resistance gene cassette instead of the hprt minigene 
cassette (20). The 0.4-kb Hindlll-Stu I fragment of exon 2 of 
Cyplal (Fig. 1 Upper) was subcloned into the Xfto I site of the 
pMJK KO plasmid. The BamHl site of the pMJK KO plasmid 
was then used to subclone (he 6.6-kb fragment. The resulting 
construct, designated pMJK KO XS-BL (Fig. 2A Top), con- 



tains 7.0 kb of target homology and produces a 2.2-kb deletion 
tn the targeted locus. All three resulting plasmids were purified 
by the CsQ banding technique, linearized at the unique Not I 
site in the pBluescript II SK(+) backbone, and used for 
electroporation. 

ES Cell Cultures. D3 ES cells (21) and E14tg2a ES cells, 
which are hprt' (22), were maintained at 37°C in a 5% C0 2 
atmosphere on feeder layers of murine mitomycin C-treated 
embryonic fibroblasts in Dulbecco's modified Eagle's medium 
containing 15% heat-inactivated feta! bovine serum, 0.1 mM 
2-mercaptoethanol, 1 mM sodium pyruvate, penicillin at 50 
units/ml, streptomycin at 50 jxg/ml, and leukemia inhibitory 
factor (LIF; GIBCO) at 1000 units/ml. The fibroblast feeder 
layer was prepared from 13- to 14-day-old mouse embryos and 
was grown in Dulbecco's modified Eagle's medium containing 
glucose at 4.5 mg/rnl. penicillin at 50 units/ml, streptomycin at 
50 /ig /ml, and 1 mM L-glut amine, supplemented with 10% 
heat -inactivated fetal bovine serum. Confluent fibroblast 
monolayers were treaied with mitomycin C at 10 /ig/ml for 90 
min at 37 ,J C. The monolayers were then washed four times with 
phosphate-buffered saline prior to freezing or immediate use 
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Fio, Z Comparison of the three Cyplal gene -targeting constructs used in these experiments. (A) Diagram of the three constructs. The pMJK 
KO XS-BL vector carries the ne^my tin-resistance (neo) gene and the Cyplal gene fragment in opposite orientations. The pHPRT KO BS-CL vector 
carries the hprt gene in the same orientation as the Cyplal gene fragment, whereas the pHPRT KO CS-BL vector carries the hprt gene and the 
Cyplal gene fragment in opposite orientations. (2?) Results of successfully targeted lines, generation of chimeric mice, and germline transmission. 



as feeder layers (23). For electroporation, two confluent 
100- mm dishes of ES cells were treated with trypsin and 
resuspended in 3 ml of phosphate-buffered saline (Ca 2+ - and 
Mg 2+ -free) containing Not I-iligested targeting vector DNA at 
20 /xg/mL Three 1-ml aliquots were electroporated at 900 V 
and 14 /tF in a 0.4-cm-wide cuvette (Gene Zapper; IBI). The 
cells were then distributed onto 15 -mm x 100-mm dishes 
containing mitomycin C-treated mouse embryo fibroblast 
feeder cells. Selection in hypoxanthine/aminopterin/ 
thymidine (HAT) supplement (GIBCO/BRL) for E14 cells, 
or in G418 (150 jig/ml) for D3 cells, was initiated 24 h later. 
Further selection with 2 ptM ganciclovir (Syntex, Palo Alto, 
CA) was begun at 48 hr following electroporation. Resistant 
ES colonies were selected 7 days after electroporation, treated 
with trypsin, and transferred to 24-well plates. After 2 or 3 days 
in culture, half the cells from each well were frozen, and the 
other half were transferred to gelatin-coated six-well plates. 
DNA was then prepared from each colony for PCR and/or 
Southern blot analysis, in order to identify putative homolo- 
gous recombination events. 

Selection of the Recombinant ES Cells. ES cells were lysed 
at 65°C for 10 mi n in 0.5 ml of buffer containing 0.2 M NaCl, 
5 mM EDTA, 50 mM TrisHCI (pH 7.5), 0.2% SDS, and 
proteinase K at 20 /xg/ml. Genomic DNA was precipitated 
with potassium acet ate and ethanol. The DNA was rinsed with 
70% ethanol, then rinsed with 95% ethanol, air-dried, and 
resuspended in H 2 0. Mouse tail DNA was prepared similarly, 
except that lysis buffer containing proteinase K at 15 p-g/ml 
was used, and samples were incubated overnight at 65 °C. 

For Southern blotting, we digested DNA to completion with 
an excess of the restriction endonuclease EcoR\, BamHl, or 
HindlU under reaction conditions recommended by the sup- 
plier (GIBCO/BRL). The digested DNA was fractionated 



through 0.8% agarose gels and transferred to Nytran Plus 
(Schleicher & Schuell) for further hybridization. Conditions 
for prehybridization and hybridization were as described (24). 
A 0.8-kb EcoRl-nSiu I fragment was used as probe A (Fig. 1). 
Autoradiography was performed with Kodak XAR film and 
DuPont Lighting Plus intensifying screens. 

Fot PCR screening of the HAT-resistant ES cell colonies, 
genomic DNA was added to a 20-/il PCR mixture containing 
4 /il of 5x reaction buffer, 0,125 pig of each oligonucleotide 
primer (Cypla2-S' f CAGCCTGGGATGGAAATCAA- 
GACA; Cypla2-y, CGCTGCACACGGCACTCTGAGTAQ 
and hprt 3', AGCGCCTCCCCTACCCGGTAGAAT), 2.5 
units of Taq DNA polymerase (GIBCO/BRL), and a mixture 
of dATP, dCTP, dGTP and dTTP nucleotides at a final 
concentration of 500 yM for each nucleotide. The 5x reaction 
buffer contained 250 pM NaCl, 750 pM MgCl 2 , 100 mM 
Tris-HG (pH 8.4), 7.5 mM MgQ 2 , 0.05% gelatin, and 0.5% 
Triton X-100. Samples were overlaid with one drop of mineral 
oil. PCR was performed for 35 cycles of 94 W C for 1 min, 62°C 
for 2 min, and 72°C for 3 min in a thermal cycler (Perkin- 
Elrner/Cetus). The generated PCR products were 1.2 and 0.9 
kb for Cypla2(+) wild-type and Cypla2{~) mutant alleles, 
respectively (Fig. 1). For screening of G418-resist ant colonies, 
the above conditions were used with the following primers: 
neo-3\ ATGGCCGCTTTTCTGGATTCATCGACTTG; 
C\pla2-5\ GCGTTCTCCCAGTACATCTCCTTAGC- 
CCCA; and Cvpla2-3\ CTCACCTTGTTGA AGTCfTG G - 
TAGTGCTCC. 

Generation of the Cypla2(-/~) Mouse Line. Chimeric 
mice were generated by microinjection of targeted ES cells into 
embryos as described (24). Briefly, 10-15 "targeted ES cells 
derived from the 129/Ola (slate, gray) mouse line were 
miaoinjected into the blaslocoele cavity of C57BL/6J cm- 
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bryos (nonagouti* black). Surviving blast ocysis were trans- 
ferred to pseudopregnant CD-I females (albino, nonagouti) by 
uterine implantation. Identification of chimeric pups was 
determined by the presence of agouti or slate coat color at 10 
days of age* depending on the origin of the ES cells. Chimeric 
males were bred to CF-1 females"(nonagouti, white) or Swiss 
Black females (nonagouti, black). Germline transmission was 
determined by the presence of chinchilla-agouti and agouti 
coat colors in the offspring of the CF-1 and the Swiss Black 
females, respectively. Germline transmission was confirmed by 
both PCR and Southern blot analyses, as detailed above. 

Northern Hybridization Analysis. Total RNA was isolated 
from the livers of 7- to 9-week-old mice by the acid guani- 
dinium isothiocyanate extraction method (25). RNA was iso- 
lated 36 hr after treatment with a single intraperitoneal dose 
of either corn oil alone (25 ml/kg of body weight) or 0-naph- 
thof lavone (200 mg/kg) in corn oil. Total RNA (30 Mg) was 
loaded onto 1% agarose/formaldehyde gels, transferred to 
nylon membranes (Nytran Plus; Schleicher & Schuell), and 
UV-crosslinked. Prehybridization and hybridization were per- 
formed in 10% dextran sulfate/1% SDS/6X standard saline 
citrate. Membranes were probed with a 1.5-kb3' fragment of 
CYP1A2 cDNA or a 1.2-kb 3' fragment of CYP1A1 cDNA 
(17). The probe of a 780-bp Pst l-Xba I fragment of the 
gryceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA 
was used as an RNA-loading control. Hybridization was per- 
formed at 60°C, and the blots were washed at 60°C prior to 
autoradiography. 

Zoxazolaminc Paralysis Test Four- to 6-week-old mice 
were given a single intraperitoneal dose of either 0-naph- 
thof lavone (200 mg/kg) in corn oil or corn oil alone. AH 
animals received intraperitoneal zoxazolamine (300 mg/kg) in 
corn oil 36 hr later. Mice were then placed on their backs, and 
that time was recorded as time zero. The paralysis time was 
measured as that period of time until the animal had regained 
enough consciousness to right itself repeatedly (26). 

Histology. Histologic specimens were prepared from 15-day 
embryos, newborn pups, and 3-week -old mice for analysis of 
any pathologic changes associated with the Cyp /a2-deficient 
genotype. The 15-day embryos and newborn pups were fixed 
whole in Bouin's fixative, whereas virtually all organs were 
dissected from 3^week-old mice and fixed in 10% formalde- 
hyde. Paraffin-embedded sections (5 fxm) were visualized by 
staining with hematoxylin and eosin. 

RESULTS 

Gene Targeting. Targeted disruption of the Cypla2 gene was 
successfully achieved by insertion of the hprt gene in place of 
part of exon 2 and all of exons 3-5 (Fig. 1). Our design of the 
three gene-targeting vectors (Fig. 2A) was based on important 
structural features in the murine Cypla2 gene, including a 
highly conserved cysteine-containing peptide in the N- 
terminus of the protein encoded by exon 2 and the so-called 
cytochrome P450 "conserved tridecapeptide" (27), encoded 
by exon 5 in the case of both of the CYP1A genes. Based on 
these structural details, homologous recombination constructs 
were designed in which the regions encoding the N-terminal 
cysteine-containing fragment and the conserved tridecapep- 
tide would be replaced with either the neo or hprt positive 
selection markers. Targeted deletion of these essential gene 
components would be predicted to generate a null mutation. 

Interestingly, pHPRT KO BS-CL (having the hprt promoter 
in the same orientation as the Cypla2 gene) was the only 
successful construct of three used in our experiments (Fig. 2B). 
Whereas a high targeting frequency was achieved with pHPRT 
KO BS-CL in El 4 ES cells, no homologous recombinant clones 
were generated from pHPRT KO CS-BL. In our earlier work 
using the neo gene in D3 ES cells, it is noteworthy that only a 
single homologous recombinant clone (of 800 screened) was 



obtained with the pMJK KO XS-BL construct, from which 13 
chimeric males were produced, yet none of these was able to 
achieve germline transmission (Fig. IB). The most widely 
accepted reason for the transmission of coat color but not the 
targeted gene is that a locus has been lost which allows 
colonization of the ES cells in the germline; this comes about 
through continued passage of ES cells both before and after 
targeting. 

Homologous recombinant clones generated with the 
pHPRT KO BS-CL construct were confirmed by both genomic 
blotting and PCR analysis. Genomic blot analysis demon- 
strated that heterozygote clones were obtained, as indicated by 
the presence of extra 5.5 -kb and 7.2-kb fragments upon 
digestion with //rndlll and BamHl, respectively (Fig. 1 Lower). 
PCR analysis of heterozygote clones showed the presence of a 
0.9-kb band, corresponding to the mutant allele, in addition to 
the wild-type 1.2-kb band (Fig. 3). Two homologous recom- 
binant clones generated with the pHPRT KO BS-CL construct 
were injected into the blastocoele cavity of C57BL/6J em- 
bryos; we subsequently generated 12 male chimeras, of which 
6 gave germline transmission. Germline mice were derived 
from two independent ES clones, lines 368 and 377. 

Viability and Fertility. The heterozygous Cypla2(+/~) 
mice displayed normal viability and fertility and were then 
used to generate homozygous mutants. Breeding of the het- 
erozygotes produced offspring in the expected Mendelian 
distribution of one Cypla2(+/+) to two Cypla2(+f-) to one 
Cypla2(-/-), indicating no in utero lethality due to loss of 
both functional alleles of the Cypla2 gene. 

Homozygous Cypla2(~ /-) null mutants were identified by 
the presence of only the 0.9-kb band upon PCR an alysis (Fig. 
3). Genotype was confirmed by Southern blotting. ! We found 
the homozygous Cypla2(~ /-) mouse to be completely viable, 
fertile, and indistinguishable from its Cyp2a2(+ /+) or 
Cypla2(+/-) littermates by appearance, mortality rate, re- 
productive capa city, and histologic examination of many or- 
gans and tissues; [this has remained true — currently beyond 15 
months of age. The organs and tissues examined histologically 
included: liver, lung, kidney, stomach, duodenum, small and 
large intestine, spleen, thymus, lymph nodes, heart, and brain. 

CYP1A2 mRNA Analysis. The absence of CYP1 A2 mRNA 
in Cypla2(-/-) mice was confirmed by Northern blot analysis 
of liver RNA from both control and 0-naphthof lavone-treated 
animals. Fig. 4 Left shows a gene-dose effect: constitutive 
CYP1A2 mRNA levels in the heterozygote were intermediate 
between the null mutant, in which no mRNA was detectable 
even with 21 -day exposures of the filter to x-ray film, and the 
wild type, which showed abundant mRNA. Induction by 
0-naphthof lavone treatment was found to increase the 
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Fig. 3. PCR analysis of tail DNA from eight pups in the same lilter 
generated from a Cypia2{+t-) x CypU2{+/-) intercross. PCR 
products arc 1.2 and 0.9 kb for ihe wild-type (W) and targeted (T) 
alleles, respectively. M. 1-kh nucleic acid markers. (+). targeted HScell 
DNA. 
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Fig. 4. Northern hybridization analysis of liver RNA from 
Cypla2(-/-),Cypla2(+/-),and Cypla2(+/+) mice. Probes include 
the CYPlA2-specific cDNA, the CYP1A1 -specific cDNA as a positive 
control, and GAPDH cDNA to assess RNA loading in each lane. Sizes 
of the CYP1 A2 and CYP1A1 mRNAs are 2.1 and 2& kb, respectively 
(17). Animals were treated with corn oil alone (controls) or /3-naph- 
thoftavone (BNF) 36 hr prior to sacrifice. When standardized for 
GAPDH, CYP1A1 mRNA levels are not significantly different in the 
three BNF lanes. 

CYP1 A2 mRNA 4- to 6-fold in the heterozygote and wild-type 
mouse (Fig. 4 Right), whereas no CYP1A2 mRNA was de- 
tected in the j3-naphthoflavone-treated Cypla2(-/—) mouse. 

CYP1A1 mRNA levels, detectable in liver only after 
0-naphthoflavone induction, were virtually identical in the 
Cypla2(+/+), Cypla2(+/-) y and Cypla2(-/-) mice (Fig. 4 
Bottom). These data indicate that expression of this other 
member of the mouse Cypla subfamily does not appear to 
compensate, or to be altered, by absence of the Cypla2 gene. 

Zoxazolamine Paralysis Test The muscle relaxant zoxazo- 
lamine is a known CYP1A2 substrate, as well as a CYP2E1 
substrate (28), and has been used for more than two decades 
to phenotype individual recombinant inbred or congenic mice 
having had CYP1A2 induced by 0-naphthoflavone, benzo- 
fff ]pyrene, or 23,7,8-tetrachloro-p-dioxin (26, 29). It was ex- 
pected that mice lacking any CYP1A2 enzyme would metab- 
olize zoxazolamine more slowly and therefore remain para- 
lyzed for a longer period of time and that 0-naphthoflavone 
treatment— while inducing CYP1A2 in Cypla2(+/+) and 
Cypla2(+ /-) mice — would have no effect on the 
Cypla2(-/-) mouse. The results of the zoxazolamine paral- 
ysis test (Table 1) show these expectations to be correct. 
Interestingly, the data are also correlated with the gene-dose 
mRNA data of Fig. 4 in that Cypla2{+/-) animals exhibited 

Table 1. Results of the zoxazolamine paralysis test in mice of the 
three genotypes 

Time paralyzed, min 

j3-Naphthoflavone 
Genotype Control pretreatment 

Cypla2(-/-) >%0 >960 
Cypla2{ +/-) 534 + 225 309 ± 69 
Cypla2( + f+) 498 1 121 103 ± 59 

The zoxazolamine paralysis test was performed as described (26). 
Zoxazolamine (chlorzoxazone) was given to all mice 36 hr after a single 
hum peritonea I dose of 0-naphthoflavone (in corn oil): controls re- 
ceived corn oil alone. Paralysis times were assessed as the time taken 
for mice to right themselves three limes. Values (mean £ SEM) are 
for four mice for each condition. 
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an intermediate paralysis time, when compared with the 
Cypla2{+/+) wild type and the Cypla2(—/-) null mutant. 
The CYPlA2-deficient mouse was paralyzed at least 9 times 
longer than the wild-type mouse. These results clearly illustrate 
the major role of CYP1A2 in zoxazolamine metabolism. 

DISCUSSION 

Evolutionary Considerations. We had anticipated that ho- 
mozygous Cypla2(-/~) mutant mice would be viable and 
healthy, yet phenotypically different from wild-type 
Cypla2(+/+) and heterozygous Cypla2(+/-~) mice toward 
CYPlA2-speciGc substrates such as zoxazolamine, based on 
several criteria. (/) Whereas constitutive expression of the 
Cyplal gene and its induction by polycyclic aromatic com- 
pounds occur very early during embryogenesis, increases in 
expression of the Cypla2 gene are not detectable until the 
neonatal period (1, 30-32). These observations suggest that 
the Cypla2 gene might not be critical for mouse embryogenesis 
but more likely is involved in metabolism of dietary and other 
foreign chemicals encountered after birth, (it) Mammalian 
CYP1A2 genes are extinguished in virtually all established and 
transformed cell lines examined, indicating that absence of 
CYP1 A2 does not affect viability of cells in culture (1, 33, 34). 
(hi) Evolutionary analysis of the CYP1A family in trout and 
mammalian species (5) suggests that, while CYP1AI most likely 
encodes an enzyme critical to life, the CYP1A2 gene is likely 
to be the result of a relatively recent gene duplication event in 
response to dietary selective pressures (35). Whereas trout 
appears to have only the CYP1A1 gene, birds and mammals 
possess both CYP1A1 and CYP1A2. It was therefore proposed 
that the CYP1A2 gene originated «*350 million years ago via a 
gene duplication event — after the divergence of land animals 
from sea animals, and before divergence of land animals from 
birds (5, 35, 36). This duplication event may have been driven 
by evolutionary pressures caused by animal-plant interactions 
(35). Thus, it appears more likely that CYP1A2 might play an 
important role in protecting newborns from the insults of 
foreign (particularly dietary) chemicals during and after the 
neonatal period. We therefore had expected that the Cypla2- 
deficient mouse would develop normally, be viable, and display 
normal fertility, and this is what the present study shows. 

Comparison of Two CYP1A2 -Deficient Mouse Lines* Hie 
normal phenotype of the Cypla2(~ /-) mouse line described 
in our study contrasts sharply with the phenotype of respira- 
tory distress and neonatal lethality observed in another 
Cypla2(-/-) mouse line recently described (37). One possi- 
bility to explain the differences in phenotype would be differ- 
ences in genetic background. This is not without precedent: for 
example, in studies of the insulin-like growth factor (Igfl) gene, 
differences in the phenotype of knockout mouse lines were 
found to be caused by differences in genetic background (38). 
In the present study, chimeric males in this laboratory were 
bred to CF-1 females or Swiss Black females, whereas chimeric 
males in the other laboratory were bred to C57BL/6J females 
(37). 

Another possible explanation for differences in the pheno- 
type of CYPlA2-deficient mice between the present study and 
a recent study (37) is a combination of genetic and nongenetic 
factors — i.e., presence of viral or other respiratory pathogens 
in a genetically susceptible host. In support of this possibility 
is that 19 of their 599 Cypla2(-/-) null mutants did survive 
to adulthood and are fertile (37). 

An additional possible explanation has to do with the gene 
construct electroporated into the ES cells. It is not without 
precedent that different genomic approaches to knockouts of 
the same gene can lead to different phc no types. For example, 
several laboratories engineered mutations that created null 
alleles with no residual expression of the cystic fibrosis trans- 
membrane conductance regulator (Cftr) gene (39-41). 
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whereas a different laboratory created a "leaky" insertional 
mutation in exon 10 leading to an only mildly affected phe- 
notype (42). It is exciting that both the mild and severe 
phenotypes of the Cftr gene knockout are proving to be 
valuable experimental model systems. Pineau et al. (37) dis- 
rupted the Cypla2 gene by inserting the neo selection marker 
into exon 2, whereas we removed much of exon 2 and all of 
exons 3-5. 

Conclusions. We have produced a Cypla2(- /-) null mu- 
tant mouse that develops normally, and is completely viable 
and fertile, yet exhibits altered drug metabolism. The gener- 
ation of the Cypla2(~/~) mouse line described herein will 
provide an invaluable tool for researchers seeking to define the 
precise role of the CYP1A2 enzyme in numerous metabolic 
processes. Such a model will be particularly useful for further 
investigation of the CYP1A2 enzyme in terms of drug metab- 
olism and toxicity, as well as cancer caused by environmental 
arylamines. Extrapolation of studies in this mouse line to 
human populations should also enable more educated predic- 
tions of the risk assessment associated with toxic exposures to 
chemicals via diet, life style, and occupation. 

This project was supported by National Institutes of Health Grants 
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CYP2E1, a cytochrome P-450 that is well conserved 
across mammalian species, metabolizes ethanol and 
many low molecular weight toxins and cancer suspect 
agents. The cyp2el gene was isolated, and a mouse line 
that lacks expression of CYP2E1 was generated by ho- 
mologous recombination in embryonic stem cells. Ani- 
mals deficient in expressio n of the enzy me were fertile^ 
developed normally , and exhibited no obvious pheno- 
typic abnormalities; thus indicating that CYP2E1 has no 
critical role in mammalian development and physiology 
in the absence of external stimuli. When cyp2el knock- 
out mice were challenged with the common analgesic 
acetaminophen, they were found to be considerably less 
sensitive to its he pa to toxic effects than wild-type ani- 
mals, indicating that this P-450 is the principal enzyme 
responsible for the metabolic conversion of the drug to 
its active hepatotoxic metabolite. 



Cytochromes P-450 (P-450) 1 are a super family of hemopro- 
teins that carry out oxidative metabolism of many endogenous 
and foreign chemicals (1). In mammals, P-450s can be function- 
ally segregated into two groups, those that participate in bio- 
chemical pathways leading to the synthesis of steroid hor- 
mones and those that primarily metabolize foreign chemicals 
or xenobiotics such as drugs. The latter enzymes are included 
in the CYP1, CYP2, CYP3, and CYP4 families (2). Many of the 
hepatic xenobiotic -metabolizing P-450s also metabolize endog- 
enous compounds, but the significance of these reactions is 
questionable- A clue to the lack of a critical role for many of the 
P-450s, particularly those in family 2, in development, repro- 
duction, and longevity, is the marked species differences in 
their expression and catalytic activities (3). However, some of 
the xenobiotic-metabolizing P-450s are well conserved, includ- 
ing those in the CYP1 family and CYP2E1, suggesting that 
they may perform an important physiological function. 

CYP2EI is the principal P-450 responsible for the metabo- 
lism of ethanol and is considered as a major component of the 
microsomal ethanol-oxidizing system (4, 5}- Among xenobiotics 
metabolized by CYP2E1 are acetaldehyde, acetaminophen, ac- 
rylamide, aniline, benzene, butanol, carbon tetrachloride, di- 
ethylether, dimethyl sulfoxide, ethyl carbamate, ethylene chlo- 
ride, halothane, glycerol, ethylene glycol, TNAnitrosodi- 



* The costs of publication of this artide were defrayed in part by the 
payment of page cliarges. This article must therefore be hereby marked 
"advertisement in accordance with 18 U.S.C Section 1734 solely to 
indicate this fact. 

t Present address: Dept. of Biochemistry. The Chinese University of 
Hong Kong, Shatin, New Territories, Hong Kong. 

§ Present address: Laboratory of Pharmacology and Toxicology, 
INRA, BP3 31931 Toulouse Cedex, France. 

H To whom correspondence should be addressed: Bldg. 37, Rm. 3E-24, 
N1H, Betliesda. MD 20892. Tel.: 301-496*9067; Fax: 301-496-8419: E- 
mall: fjgonz^helix. nih.gov. 

' The abbreviations used are: P-450, cytochrome P-450: kb. kilol>ase 
pair(s): PGK, phospliuglva-rate kinase- 1: ES. embryonic stem 



methylamine, 4-nitrophenoI, pyrazole, pyridine, and vinyl chlo- 
ride (6). Many of these chemicals are known toxins, established 
chemical carcinogens, or suspected carcinogens. CYP2E1- me- 
diated oxidation of a variety of substrates is also believed to 
liberate a substantia] amount of reactive oxygen that can lead 
to membrane lipid peroxidation and cell toxicity (7). 

CYP2E1 is also capable of metabolizing endogenous chemi- 
cals including acetone and acetol, which are key metabolites in 
the methylglyoxal and propanediol pathways of gluconeogene- 
sis (8, 9). CYP2E1 can also carry out the metabolism of arachi- 
donic acid, resulting in the production of several hydroxyeico- 
satetraenoic acids (10), some of which may have physiological 
and pharmacological properties (1 1). 

CYP2E1 is inducible by ethanol and other low molecular 
weight substrates (5, 12). This induction is primarily due to a 
postranscriptional mechanism where presence of the substrate 
stabilizes the enzyme from degradation (13). However, tran- 
scriptional mechanisms have not been ruled out (14). This 
enzyme is also induced by starvation and in uncontrolled 
diabetes (15. 16). 

P-450s have been implicated in the hepatotoxicity of acet- 
aminophen (also called paracetamol), an over-the-counter an- 
algesic and antipyretic that is commonly used worldwide as a 
substitute for acetylsalicylic acid (aspirin®) due to its lack of 
gastric ulceration and general low toxicity when used within 
the recommended dose range (17-19). Acetaminophen causes 
hepatotoxicity at a low frequency. It is metabolized to AAacetyl- 
/>benzoquinoneimine, a metabolite that is capable of reacting 
with cellular nucleophiles. The bulk of this metabolite is either 
reduced back to acetaminophen or conjugated with glutathione. 
It was postulated that toxicity results from low cellular gluta- 
thione leaving an excess of active metabolite that can cause cell 
toxicity (19-22). 

The P-450s responsible for acetaminophen activation have 
been investigated. Ethanol was reported to increase the toxic- 
ity of acetaminophen in mice (20, 23), thus suggesting the 
involvement of CYP2E1 in vivo. In vitro studies have also 
implicated human CYP1 A2 in addition to CYP2E1 in acetamin- 
ophen metabolism, although the latter P-450 had a lower K m 
than CYP1A2 (24, 25). 

The conservation across species in expression and catalytic 
activities of CYP2E1 and its ability to metabolize and be in- 
duced by chemicals that are generated endogenously, such as 
acetone and ethanol, suggests that it has an important physi- 
ological role in mammals. To investigate this possibility and to 
determine if this P-450 is involved in the hepatotoxicities and 
carcinogenesis potential of many of its substrates, mice lacking 
CYP2E1 expression were produced and characterized. 

MATERIALS AND METHODS 

Construction of the Targeting Kerr or— Genomic clones corresponding 
to cyp2el were obtained by screening a 129/SV genomic library (Strate- 
gene} with a rat CYP2E1 cDNA (26). A clone spanning 14.2 kb and 
containing all nine exons of the gene was subdoned as a Sail fragment. 
To disrupt the gene, a 1.9 kb ihrxilU fragment containing exon 2 and 
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Fig. 1. Panel A displays the restriction map of the cyp2el gene, the targeting vector, and the predicted homologous recombinant locus. The 
numbers aver the horizontal double arrows are the predicted sizes of restriction fragments in kb. Panel B shows a Southern blot of the specific ES 
clone and wild-type ES cells, and panel C displays a Southern blot of a typical screen of tail dipping DNA from mice with different genotypes. The 
sizes of the fragments are in kb. 



spanning from intron 1 to intron 2 was deleted and replaced with the 
bacterial phosphoribosyl transferase II gene, under control of the phos- 
phoglycerate kinase- 1 promoter (PGK-NEO), that confers resistance to 
the neomycin derivative G418 (Ufe Sciences Inc.). This gene was de- 
rived from the plasmid pPNT (27). The PGK-NEO cassette was inserted 
in the same transcriptional orientation as the cypZel gene. The herpes 
simplex virus thymidine kinase gene was Inserted at the 3' end of the 
cyp2el gene as a negative selection against random integration of the 
construct (28). The construct used for targeting (see Fig. 1A), contained 
2.3 kb of 5' and 3.6 kb of 3' genomic DNA Ranking the PGK-NEO 
cassette. 

The construct was made in six cloning steps (see Fig. 1A). 1) The 
Htodlll site in the polylinker region of pGEM-32 (Promega) was de- 
stroyed by /find III digestion, Klenow polymerase treatment, and reli- 
gation 2) An 8-kb SaJl-Srna\ cyp2el genomic fragment was subcloned 
into the same sites In the modified pGEM-3Z. 3) The plasmid made in 
step 2 was digested with KtadlH, treated with Klenow polymerase, and 
ligated with Xhoi linkers in order to remove the 1.8-kb fragment con- 
taining exon 2 and add a restriction site compatible with the PGK-NEO 
cassette. This l.9-kb cassette was previously modified by changing the 
BauiHl site at its 3' end to an XhA site by use of Klenow polymerase 
and XhtA linkers. 4) The Xhd fragment containing tlie PGK-NEO 
cassette was subcloned into the cyp2el gene at the XML site. 5) Hie 
cyp2el construct, containing the PGK-NEO cassette was digested with 
A/Hi. treated with Klenow polymerase, and ligated with HindXW link- 
ers. G) The cyp2el gene was released from this cons tin ct by digestion 
with Bah and ///'/id J 1 1 and inserted into the corresponding sites of 
pMClTK plasmid (29) containing the Iterpes simplex virus thymidine 
kinase gene. The resulting plasmid was used as a targeting vector. 

Production of Chimeric Mire— The plasmid DNA used for targeting 



was purified by banding twice on cesium chloride. After linearization 
with /fljjdIII, 40 /ig was electropo rated Into J 1 embryonic stem (ES) 
cells (30) using conditions described previously (31). ES cell clones 
resistant to both G418 and ganciclovir (gift of Syntex) were selected and 
screened for homologous recombination, and clones having the expected 
Southern blot pattern for a homologous recombinant (see below) were 
regrown and injected into C57BL/6N blastocysts. The blastocysts were 
transferred Into the uterus of a pseudop regnant recipient N1H Swiss 
mouse in order to produce an animal exhibiting chimerism (32). Male 
chimeras presenting greater than 95% 129/SV contribution, as deter- 
mined by coat color, were bred with C57BL/6N females to determine if 
the trait was transmitted to the germ line. Southern blot genotyping 
performed on DNA extracted from tail clips, was used to score for the 
presence of the mutated cyp2el gene in the progeny. Homozygotes were 
produced by crossing the Fl generation. 

Genotyping ofES Cells and Mice — DNA was isolated from ES cells 
and mouse tail dips as described previously (33) and digested with 
either BgA\ or Spel. The digested DNAs were subjected to electrophore- 
sis in 0.6% agarose gels and transferred to GeneScreen Plus nylon 
membranes (DuPont) using 0.4 n NaOH. The conditions for hybridiza- 
tion and washing were described previously (31 J. A 3'-flanking probe 
derived from a A/RhCial genomic fragment (see probe P5, Fig. \A) was 
labeled with (^PJdCTP using random primers. This probe hybridizes 
with 5.9 and 3.2-kb BgAl fragments and with a 6.3-kb Spel diagnostic 
fragment (or the wild type cypZel allele. The homologous recombinant 
allele generated fragments of 5.5 and 7.7 kb corresponding to digestions 
with Bgfll and Spel, respectively (see Fig. 1. A-Q. Mice Iwmozygous for 
the disrupted cyj)2el allele were designated cypZel"'". 

Analysis of CYP2E1 Exj)ressJon— Mice were killed by rartxm monox- 
ide asphyxiation, and 400 mg of liver tissue was disrupted using a 
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Teflon-glass Jtomogenizer in 3 ml of a buffer containing 20 niM Tris-HCl, 
pH 7.5, 1 nui EDT A. 25 mM KCI, 1 niM phenyl met hylsuifonyl fluoride, 
1 mM dilhiothreitol, and 10% (v/v) glycerol. The homogenate was cen- 
trifugcd for 20 mtn at 10.000 >: g, and the supernatant was centrifuged 
for 12 min at 500.000 x gin a Beckman Optima TL tabletop ultracen- 
trifuge to recover microsomes. All operations were performed at 4 *C 
Tlie microsome pellets were resuspended by homogenization in 0. 1 M 
sodium potassium phosphate buffer, pH 7.4, containing 20% (v/v) glyc- 
erol and stored at -80 °C until use. Protein concentrations were deter- 
mined with the bichinchoninic acid reagent (Pierce) using bovine serum 
albumin as a standard. SDS-polyacrylamide gel electrophoresis was 
carried out according to Laemmli (34) using 10 tig of microsomal pro- 
tein. Proteins were electroblotted to nitrocellulose membranes by semi- 
dry transfer. Immunoblotting was performed according to Towbin etal, 
(35). Rabbit antibodies against CYP1A2 (36), CYP2A1 (37), CYP2B1 
(38), and CYP3A1 (39) were produced as described earlier. Rabbit 
antisera against CYP2C6 was produced by Dr. Kiyoshl Nagata (Tohoku 



University. Sendai Japan). Antibody to CYP2E1. p roduced in goat, was 
obtained from the Gentest Corp. The secondary antibodies, labeled with 
horseradish peroxidase, were from Amersham Corp. 

Messenger RNA was analyzed by Northern blots using liver RNA 
and the rat CYP2E1 cDNA as a probe. Total RNA was isolated from 
liver tissue using guanidinium thiocyanate extraction (40) and cesium 
trifluoroacetir acid centrifugation as described previously (31). Ten /ig 
of total RNA was subjected to electrophoresis on 1% agarose gels con- 
taining 2.2 m formaldehyde (411 and blotted to GeneScreen Plus (Du- 
Pont) nylon membranes using 3 m NaCl and 0.15 m sodium citrate. pH 
7.0. The CYP2E1 cDNA was labeled using random primers and 
["PldCTP. The conditions for prehybridization. hybridization, and 

+/+ 




Fig. 2. Western immunoblots of different P-450s In cyp2el~'~ 
mice. Each lane was loaded with 10 ^tg of microsomal protein from a 
single mouse. 



-2flS 



-18S 



Fic. 3. Analysis of RNA In livers of cyp2el -/ ~ mice. Each lane 
was loaded with 10 pig of total liver RNA from a single mouse. The blot 
was exposed for 24 h with aid of an intensifying screen. 




20- 



200 400 

Acetaminophen [mg/kg] 



600 



800 



Fig. 4. Survival rule of cyp2el-/- (O) and wild-type (■) mice as a function <»r the dose of acetaminophen administered. Gumps or 
10 mice were injected iniiaix-ritoiieally with acetaminophen in alkaline saline and survival scored after 48 h. Two complete and independent 
experiments were pcifunned. The oii-ves were manually fit to the data points. 
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washing were described previously (31). 

AceiaminopJien Toxicity— The protocol for dosing mice with acet- 
aminophen was approved by the National Cancer Institute's Animal 
Care and Use Committee (Protocol LMCE-023). Male cyp2el~'~ and 
wild- type strains, from 2 to 4 months of age, were administered acet- 
aminophen by intraperitoneal injection at doses ranging from 0 to 800 
mgfltg in alkaline saline solution. Each dose group consisted of 10 mice. 
To score toxicities, the number of surviving animals at 48 h were 
quantified. Two complete and independent experiments were conducted 
over the same dose range. From the remaining mice, blood was collected 
and serum was used to determine the levels of bilirubin, creatinine, 
alkaline phosphatase, aspartate aminotransferase, and alanine amin- 
otransferase. These measurements were performed by the Diagnostic 
Services and Clinical Pathology Laboratory of the Uniformed Services 
University of the Health Sciences Clinical Chemistry Department using 
a Kodac Ektachem 250 automated plasma analyzer. 

RESULTS AND DISCUSSION 

Production and Characterization of the cyp2e}~ y ~ Mice — 
The cyp2el gene was isolated from a 129/SV mouse genomic 
library. The genomic clone spanned 14.2 kb and contained the 
complete coding region (Fig. \A). The gene was disrupted by 
the replacement of exon 2 with the PGK-NEO cassette, A 
diagnostic probe, designated probe P5 and shown in Fig. I A 
was generated that detects homologous integrations of the 
targeting construct into the gene. Mice having the wild-type 
allele are expected to yield a 5.9-kb BgRl and a 6.3-kb Spe\ 
fragments. A typical autoradiography of a Southern blot of 
DNA from the ES cell clone AY 168 and control ES cells hybrid- 
ized with the probe P5 is shown in Fig. \B. Upon longer expo- 
sure of the blot, an expected 3.2-kb BgRl fragment was also 
detected. Specific recombinants had diagnostic 5.5- and 7.7-kb 
fragments from BgJll and Spel, respectively. Screening of mice 
generated by breeding for hetero zygotes for the disrupted 
cyp2el allele is shown in Fig. 1 C. Heterozygous mice have the 
diagnostic fragments corresponding to the wild-type and dis- 
rupted alleles, whereas mice that have two copies of the dis- 
rupted allele yielded the 5.5- and 7.7-kb fragments after diges- 
tion with BgAl and Spel, respectively. Hybridization with the 
PGK-NEO gene as a probe revealed only a single hybridizing 
fragments of 2.3, 77. and 11.3 kb for the Bg!il- t Spel-. and 
Apal -digested DNA (data not shown), demonstrating that this 
clone did not contain any additional random integration of the 
targeting construct. 

Mice homozygous for the disrupted allele, designated 
cyp2el~'~, were born normally and appeared indistinguishable 
from their wild- type counterparts. No differences were found 
between litter size and growth rates for the cy p2el~ / ~ animals 
as compared with wild -type littermate controls.^ The expression" 
of CYP2E1 was determined by immunoblotting with anti-rat 
CYP2E1 antibody. As expected, a complete absence of protein 
expression was. found in the livers of cyp2el~'~ mice (Fig. 2). 
The liver is the primary site of expression of this P-450 (16), 
P-450s in the CYP1A, CYP2A, CYP2B, CYP2C, and CYP3A 
subfamilies were expressed in the cyp2el mice at similar 
levels to those found in control animals, thus indicating that 
the loss of CYP2E1 was not compensated by an increase in 
expression of other P-450s, although it remains a possibility 
that a P-450 not detected with our anti-rat P-450 antibodies is 
overexpressed. 

The expression of CYP2EI mRNA was also analyzed in the 
cyp2el w ~ mice. Two transcripts were detected in the liver of 
normal mice and mice heterozygous for the disrupted allele 
(Fig. 3). In the cyp2el~'~ mice, neither of these two RNA 
transcripts were found. Instead, two lower abundance RNAs 
slightly smaller than the transcripts present in wild-type ani- 
mals were detected. These may be transcripts from the dis- 
rupted allele that should be smaller than a transcript from the 
normal allele since exon 2 is deleted in the disrupted allele. The 



A 

300- 



2. 

S 200- 




qJ^ , r 1 1— 

0 200 400 600 

Acetaminophen [rao/kg] 



Fig. 5. Determinations of aspartate aminotransferase (paneJ 
A) and alanine aminotransferase (panel B) activities In serum of 
cyp2el~ / ~ (O) and wild-type (R) mice as a function of the dose of 
acetaminophen administered. The mean + standard deviations are 
shown with n ~ 3 (* p< 0.05, ** p< 0.01. •** p < 0.001). At the 600 
mg/kg dose group for the wild-type mice in panel B, two animals were 
analyzed. 

lower abundance of these RNAs, as compared with those from 
the wild- type allele, is not surprising since mRNAs that do not 
encode a normal protein are usually not stable. In any case, the 
protein and RNA establish with certainty that the cypZel gene 
is not expressed in the knockout animals. The change in size 
and abundance of the high molecular weight transcript anneal- 
ing with the CYP2E1 cDNA in the cyp2el ~'~ mice suggest that 
it is not due to a cross-hybridizing mRNA derived from another 
gene but is most likely a read -through transcript of the cyp2el 
gene with an alternate poh/adenylalion signal. 

Acetaminophen Toxicity— -P-4 50s have been implicated in the 
hepatotoxicity of acetaminophen. To determine whether 
CYP2E1 influences the toxicity of this compound in mice, the 
cyp2el -/ ~ animals were administered the drug and compared 
with wild-type mice. Survival curves indicated that the 
cyp2el ~ /_ mice were more resistant to acetaminophen toxicity 
than wild-type animals (Fig. 4). Levels of 400 mg of acetamin- 
opl>en/kg producing toxicity in wild-type mice in this study 
were similar to those that produced toxicity in other st udies 
(20, 23). Cyp2el -/ " mice survived at doses up to 4O0 mg/kg, 
whereas over 50% of wild type animals died at these doses. 
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To determine the mechanism of toxicity, levels of enzymes 
and other serum components, some of which are diagnostic for 
liver and kidney injury, were measured in serum of treated 
mice that survived in the experiments described above. At all 
doses, levels of creatinine, bilirubin, and alkaline phosphatase 
were within the normal range for mice and were not signifi- 
cantly different between the cyp2el -/ ~ and wild-type mice. In 
contrast, liver enzymes aspartate aminotransferase and ala- 
nine aminotransferase were elevated at high doses of acet- 
aminophen (Fig. 5). Elevation of these liver enzymes, which are 
considered a measure of liver cell death, were detected at doses 
of 200 and 400 mg/kg in wild-type animals but were unchanged 
at these doses in the cyp2el mice. These data indicate that 
liver damage is involved in mediating the toxicity of acetami- 
nophen. This was confirmed by analysis of liver histology of 
acetaminophen- treated mice (data not shown). At doses higher 
than 600 mgfkg, a significant level of toxicity was also found in 
the cyp2el ~ /_ mice. These data suggest that CYP2E 1 mediates 
the hepatotoxicity of acetaminophen. Other P-450s such as 
CYP1 A2 having a higher K m for acetaminophen may be respon- 
sible for the toxicity in cyp2el~'~ mice at high doses of the 
drug. 

The present study using mice lacking expression of CYP2E1 
establish that although this P-450 is highly conserved in mam- 
mals, it does not appear to play a significant role in develop- 
ment, reproductive vitality, and physiology. Under conditions 
of exposure to certain chemicals, CYP2E1 accentuates toxicity. 
Efforts are underway to use this animal model to determine 
whether this enzyme is responsible for the carcinogenicity of a 
number of its chemical substrates including N-nitrosodimeth- 
ylamine and phenacetin. 

CYP2E1 may also exert a role in alcoholic liver disease. Lipid 
peroxidation was found to be associated with alcoholic liver 
injury in humans and experiment animals (42). This could be 
the result, in part, of increased oxygen radical production by 
ethanol-induced CYP2E1 (7). The cyp2el mice could be used 
to test this possibility. 

During fasting and diabetic ketosis, serum acetone, acetol. 
and 1,2-propanediol are elevated. CYP2E1 is concommitantly 
induced due to protein stabilization by acetone (16). Acetone is 
primarily oxidized to acetol by CYP2EI. Acetol is further me- 
tabolized to 1 ,2- propanediol by the same P-450 in a pathway of 
gluconeogenesis, suggesting a physiological role for this P-450 
during pathophysiological and dietary stress (8). The 
cyp2el ~'~ mice should be of use to determine if CYP2E1 plays 
an essential role in survival under conditions of starvation. 
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The neurotransmitter serotonin [5-hydroxytryp- 
tamine (5-HT)] is causally involved in multiple 
central nervous facets of mood control and in 
regulating sleep, anxiety, alcoholism, drug 
abuse, food intake, and sexual behavior (/). In 
peripheral tissues, 5-HT regulates vascular tone, 
gut motility, primary hemostasis, and cell- 
mediated immune responses (/). 5-HT is synthe- 
sized in two steps, wilh tryptophan hydroxylase 
(TPH) as the rate-limit- 
ing enzyme (2). TPH be- 
longs to a superfamity of 
aromatic amino acid Iry- 
droxylases, togedier with 
phenylalanme (PAH) 
and tyrosine hydroxy- 
lases (TO), and has been 
detected mainly in the 
brain stem and gut en- 
terochromaxTm cells (2). 

To study the physio- 
logical impact of the loss 
of 5-HT synthesis, we 
generated mice geneti- 
cally deficient for TPH 
(Tph-/-). Like wild- 
type (7/>ri+/+) siblings 
and the mouse strains 
from which the Tph— I— 
animals were derived, 
Tph— I— mice still ex- 
pressed normal amounts 
of 5-HT in classical sero- 
tonergic brain regions. 
However, Tph— I— mice 
lacked 5HT in the pe- 
ripliery except for in tlie 
duodenum (Fig. 1A), 
which contained about 
4% of normal 5-HT lev- 
els, probably because of 
the serotonergic neurons 
in this tissue (3), Concor- 
dantly, Tph-t- 



Throughput Genomic Sequences database of 
GenBank with short translated sequences of Tpfi 
and obtained a human genomic clone on chromo- 
some 12, with an open reading frame similar to 
Tpfi exon 4, but different from Pah> which is 
located on the same chromosome. On the basis of 
this sequence, we performed 5'- and 3'-RACE 
experiments with brain RNA of Tpft-f- mice 
and obtained die fuIUength cDNA (referred to as 
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exliibited no significant 
behavioral differences in 
elevated plus maze and 
hole board tests (table SI), wliich are indicative 
for 5-H T-refated betavior. 

Despite suggestions of a possible second 
TPH isoform Wi. molecular verification lias 
been lackius. Tlierefore. we screened llie Hiuh 



Fig. 1. (A) 5-HT in whole blood, duodenum, hippocampus, and frontal 
cortex of 129SvJ, C57BI/6, Tph+f+. and Tph-/- mice ad, below the 
detection limit of the assay (<5 pg/uJ). *, statistically significant {P < 
0.05), as compared with all other investigated mouse lines. +, statistically 
significant (P < 0.05), as compared with Tph+f+ mice, but not with other 
laboratory mouse lines (B) RNase protection assays with probes specific 
for the two isoforms reveal the presence of Tphl mRNA in duodenum of 
wild-type animals, but not in Tph-/- mice. Tph2 mRNA is present 
exclusively in brain, irrespective of the genotype. (C) Reversed-phase 
HPLC-FD chromatograms of TPH activity assays. (Top) Untransfected 
COS7 cells. (Bottom) COS7 cells transiently transfected with a eukaryotic 
expression vector containing the mouse Tph2 cDNA 5-Hydroxytated 
tryptophan (5-HTP) elutes with a retention time of 5 mia 



Tpft2; GenBank: AY090565; fig. SI I wliich was 
different from tlie known Tph (referral to liere 
now as Tph 1 1 Pali, and 77i of the mouse. 

We detected Tphl mRNA in the duodenum, 
but not in the brain, by ribonuclease (RNase) 



protection assays (RPAs) specific for each Tph 
isoform (Fig. IB). In contrast. Tph2 was detect- 
ed exclusively in die brain ( Fig. I B). Brain stem 
total RNA samples from wild-type mice re- 
vealed about 150 times more Tph2 than Tphl 
mRNA by RPAs (5). 

Transfected COS7 cells expressing TPH2 
acquired tryptophan-hydroxylating activity, 
confirming the identity of this enzyme (Fig. 
1C). Moreover, commercially available anti- 
bodies against TPH1 also detected TPH2 in 
transfected cells (5), thus explaining previous 
detection of TPH in the brain. 

We also cloned and sequenced the rat and 
human TPH2 homologs (GenBank: AY098915 
and AY098914; fig. SI) and detected TPH2 
expression in rat brain (5). By searching Gen- 
Bank, we found one liomologous expressed 
sequence tag from chicken and several from 
zebrafish brain, in addition to a sequence from 
zebrafish ovary with high ltomology to the 
mammalian TPH 1 (6). 

The discovered duality of the serotonin sys- 
tem in vertebrates may open up new avenues 
for specific therapeutic approaches exclusively 
affecting central or peripheral 5-HT actions. 
This is particularly important, because of efforts 
to find diagnostically useful correlations be- 
tween peripheral levels of 5-HT and its metab- 
olites and 5-HT function in tlie central nervous 
system of human patients suffering from psy- 
chiatric disorders (7). Also, numerous attempts 
linking polymorphisms in the Tpftl gene with 
such diseases (/) have to be reconsidered now 
that it is known that this gene is hardly ex- 
pressed in the brain. 
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Transglutaminase 2 (TGase 2), or tissue transglutaminase, catalyzes either e-Cy-glutamyl) lysine or JV\W 8 - 
(Y-glutamyl)spermidine isopeptide bonds. TGase 2 expression has been associated with apoptosis, and it has 
been proposed that its activation should lead to the irreversible assembly of a cross-linked protein scaffold in 
dead cells. Thus, TGase 2-catalyzed protein polymerization contributes to the ultrastructural changes typical 
of dying apoptotic cells; it stabilizes the integrity of the apoptotic cells, preventing the release of harmful 
intracellular components into the extracellular space and, consequently, inflammation and scar formation. In 
order to perform a targeted disruption of the enzyme, we prepared a construct deleting part of exons 5 and 6, 
containing the active site, and intron 5. Complete absence of TGase 2 was demonstrated by reverse transcrip- 
tion- PCR and Western blot analysis. TGase activity measured on liver and thymus extracts showed, however, 
a minimal residual activity in TGase 2~~'~ mice. PCR analysis of mRNA extracted from the same tissues 
demonstrated that at least TGase 1 (normally present in the skin) is also expressed in these tissues and 
contributes to this residual activity. TGase 2~'~ mice showed no major developmental abnormalities, and 
histological examination of the major organs appeared normal. Induction of apoptosis ex vivo in TGase 2~'~ 
thymocytes (by CD95, dexamethasone, etoposide, and H 2 OJ and in vitro on TGase 2~'~ mouse embryonal 
fibroblasts (by retinoids, UV, and B z O^ showed no significant differences. A reduction in cross-linked 
apoptotic bodies with a modestly increased release of lactate dehydrogenase has been detected in some cases. 
Together our results show that TGase 2 is not a crucial component of the main pathway of the apoptotic 
program. It is possible that the residual enzymatic activity, due to TGase 1 or redundancy of other still- 
unidentified TGases, can compensate for the lack of TGase 2. 



Transglutaminase 2 (TGase 2; also called tissue transglu- 
taminase or TG C) belongs to the transglutaminase (EC 
2.3.2.13) family, which includes intracellular and extracellular 
enzymes catalyzing Ca 2+ -dependent reactions resulting in the 
formation of e-(-y-glutamy!)lysine cross-links and/or in the co- 
valent incorporation of di- and poly a mines and histamine (25, 
26). The establishment of these covalent cross-links leads to 
the posttranslational modification and, in many instances, the 
oligomerization of substrate proteins. The resulting protein 
polymers are resistant to breakage and chemical attack and can 
release polypeptides only through the proteolytic degradation 
of protein chains. At least seven distinct types of TGases m 
mammals have been characterized: TGase 1 (or TG K), TGase 
2, TGase 3 (or TG E), TGase X, coagulation factor XIII, 
band 4.2., and prostate TGase. At least four transglutaminases 
(TGases 1, 2, 3, and X) are expressed and synthesized during 
terminal differentiation and death of human epidermal ke ra- 
ti nocytes (44, 45), where they contribute to the formation of 
the cornified envelope. 

The TGase 2 gene is constitutively expressed both during 
development (29, 48) and in adult tissues (for a review, see 
reference 36). In both cases a tight correlation between TGase 
2 expression and occurrence of apoptosis has been found. This 
includes, for example, interdigital web formation (29), implan- 
tation of the embryo in utero (35), and mammary gland re- 
gression (31, 46). In addition, the presence and activity of the 
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enzyme have been shown to increase in cells undergoing apo- 
ptosis in several models (2, 9, 10, 21, 23-25, 32-34, 37, 40). 
Indeed, during apoptosis de novo transcription of the TGase 2 
gene is induced by several factors (e.g., retinoic acid [RA], 
prostaglandin E2, interieukin 6, and tumor growth factor £). 
Moreover, in addition to transcriptional regulation (24, 28, 41), 
TGase 2 can also be modulated post transcriptionally (1, 23, 50) 
during apoptosis. TGase 2 activation leads to the assembly of 
intracellular cross-linked protein polymers, which irreversibly 
modifies cell organization, contributing to the wide ultrastruc- 
tural changes c<xairring in cells undergoing apoptosis (9, 10, 
39). This extensive TGase 2-dependent protein polymerization 
stabilizes apoptotic cells before their clearance by phagocyto- 
sis, thus contributing to the prevention of inflammation in the 
surrounding tissues (39). 

In addition to its cross-linking activity, TGase 2 acts as the 
Goth subunit, associated with the 50-kDa 0 subunit (Gph), of 
the GTP-binding protein (Gh) in a ternary complex associated 
with the rat liver a 1 -adrenergic receptor (30). Thus, TGase 
2-Godi is a multifunctional protein, which by binding GTP in a 
Gah-GTP complex can modulate receptor-stimulated phos- 
pholipase C activation. 

In order to clarify the role of TGase 2 in apoptosis we have 
generated mice lacking TGase 2 by homologous recombination 
techniques. Our results, however, show that the disruption of 
TGase 2 does not produce a major phenotype and that apo- 
ptosis still occurs normally in the absence of TGase 2. 

MATERIALS AND METHODS 

Reagents. Ham's F-12 and minimal essential media were from Gibui (Berlin. 
Germany), and fetal calf serum was from HyClone (Gud-Beijerland. The Neih- 
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FIG. 1. (A) Schematic representation of the targeting construct used to generate TGase 2 knockout mice. An EcoRV/BamHl genomic 
fragment (from intron 6 to exon 9) was cloned at the 5' end of the neomycin resistance gene into the pPNT vector (49). Subsequently, a PCR 
fragment from exon 4 to exon 5 was cloned into this vector at the 5' end of the neomycin resistance gene, using anXhol site. As a result, part of 
exon 5 and the totality of exon 6 (containing the active site) and intron 5 were deleted. The arrows show the positions of the primers used for the 
screening of the recombinant clones (Nl and S2) and the genotyping of the mice (Al, Nl, and SI). Intron positions were obtained by direct 
sequencing or PCR analysis with primers located in the flanking exons. The position of exon 7 was not determined, and therefore its position in 
the scheme is arbitrary, hsv TK, herpes simplex virus thymidine kinase. (B) PCR screening for the recombinant clone using a primer in the 
neomycin resistance gene (Nl) and a primer on the TGase sequence (S2) in a region upstream of the fragment used to generate the targeting 
vector. Lanes 1 to 3 contain wild-type clones, and lane 4 contains the recombinant clone used to generate chimeras. (Q PCR screening for the 
genotyping of the mice. Three different primers (see Materials and Methods) were used at the same time: an antisense primer on the neomycin 
resistance gene (Nl), an antisense primer in intron 5 (Al) deleted in the targeted alleles, and a sense primer in intron 4 (SI) present in both 
wild-type and targeted alleles. 



erlands). HE PES, bovine serum albumin (BSA), RNase A propidium iodide 
(PI), Triton X-100, RA, ^A'-dunethylcasein, and putrescine were obtained from 
Sigma Chemical (SL Louis, Mo.). The mouse monoclonal anti-TGase 2 antibod- 
ies (clone CUB 7402 and clone CUB 7402+ TGI 00) were purchased from Neo- 
Mariters (Union City, Calif.). All electrophoresis reagents and secondary anti- 
bodies were from Bio-Rad (Richmond, Calif.) [ 3 H]putrescine was obtained from 
Amereham (Arlington Heights, III). 

Generation of TGase 2-defldent mice. A genomic clone containing the 
genomic sequence 3' of exon 5 was isolated by screening a 129/SvJ mouse 
genomic library (Stratagene, La Jolla, Calif.). The targeting vector (Fig. 1 A) was 
constructed by cloning an ~4-kb EcoRV/BamH] fragment of this clone, con- 
taining the sequence from intron 6 to exon 9, into the pPNT vector (49) 3' of the 
neomycin resistance gene between the Xbal and BamHl unique sites. An -2-kb 
fragment containing intron 3 was generated by PCR using primers designed on 
the basis of the sequence of exons 4 and 5. This fragment was cloned into the 
Xho\ site of the pPNT vector 5' of the neomycin resistance gene. This construct 
deletes 1.2 fcb containing part of exon 5, intron 5, exon 6, and a small piece of 
intron 6 up to the £coRV site. 

The targeting vector was linearized by Sod and electroporated into embryonic 
stem cells. Cells were selected with G41S and ganciclovir. Surviving clones were 
screened by PCR using the following primers: S2 (5'AGCCGATGATGTGTA 
CCTAGAC3') and Nl (5'ACGAGACTAGTGAGACGTGC3') (Fig. IB). The 
following PCR program was used: 95°C for 5 min. followed by 40 cycles of W^C 
for 1 min. 5SX: for 1 min. and 72 C for I min. PCR products were resolved on 



a 0.8% agarose gel and stained with ethidium bromide. The positive clone was 
then confirmed by Southern b totting 

Cells from the positive done were micro injected into C57B176 blastocysts and 
transferred into pseudopregnant recipients by Genome Systems, St. Louis, Mo. 
The six chimeric animals obtained were bred with C57BL/6 mice. The genotype 
of the subsequent offspring was determined by PCR using the following primers: 
Sl (5TACTCCAGCTTCCTGTTCTG3*), Al (5TCCTG ACCTG AGTCCTCG 
TC3'). and Nl (Ftg. 1> The following PCR program was used: 95°C for 5 min, 
followed by 30 cycles of 94'C for 1 min, 56*C for 45 s, and 72*C for 1 min. PCR 
products were resolved on a 1% agarose gel and stained with ethidium bromide. 
Each mouse was individually geno typed before every experiment. 

Cell cultures. Mouse embryonic fibroblasts (MEFs) and thymocytes were 
grown in a 1:1 mixture of minimal essential medium and Ham's F-12 medium 
supplemented with 10% heat-inactivated fetal calf serum, 1.2 g of sodium bicar- 
bonate per liter, and 15 mM HEPES at 37X with 5% C0 2 in a humidified 
atmosphere. 

Western blotting. Livers were homogenized in 3 ml of cold lysis buffer con- 
taining 100 mM Tris-HCI (pH 7.4). 10 mM KCl 2 mM MgCl* 0.1% Triton 
X-100, 1 mM EDTA and 1 mM phenyl methylsulfonyl fluoride. They were then 
centrifuged, and the protein content of the supernatant* was determined using 
the Bradford method (Bio-Rad). Proteins were normalized to 30 |ig/lane. sep- 
arated on sodium dodecyl sulfate (SDS)-12% polyacrylamide gels, and blotted 
onto nitrocellulose sheets. Filters were washed twice with phosphate-buffered 
saline (PBS) containing 0.1% Tween 20 before blocking noaspecific binding 
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oreraighi with 10% nonfat milk and 5% BSA dissolved in PBS-0.1% Tween 20. 
The TGase 2 antigen was detected by incubation for 2 h with a 1:1 mixture of 
mouse monoclonal anti-TGase 2 antibodies (1:300 in PBS-CU<3> Tween 20). 
Nitrocellulose filters were washed five times, and detection was performed by 
horseradish peroxidase -conjugated goat anti-mouse monoclonal antibody (1: 
1500 in PBS-0.1% Tween 20 with 10% milfc and 5% BSA) for 1 h at room 
temperature, using the ECL method (Amersham). 

Enzyme assay. TGase activity was determined by measuring the incorporation 
of [ 3 H]putrescine into AW-dimethylcasein (22, 26). The reaction mixture con- 
tained 150 mM Tris-HCI buffer (pH S3). 90 mM NaCU 10 mM diihioihreitol, 15 
mM CaClj, 12-S mg of W-dimethylcasein/ml and 0.2 mM putrescine contain- 
ing 1 jtCi of [ 3 H]putrescine. Proteins from different tissue and cellular extracts 
(0.1 to 03 mg) were incubated with the reaction mixture in a final volume of 150 

at 37*0. After 20 min of incubation, the reaction was stopped by spotting 
100-td quadruplicate aliquots onto Whatman 3MM filter paper. Unbound 
[ 3 H]putrescine was removed by washing with large volumes of 15, 10, and 5% 
trichloroacetic acid and absolute ethanol. Filters were then air dried and the 
radioactivity was measured by liquid scintillation counting. 

PCR analysis of TGases 2 and I. Total RNA was extracted from mouse livers, 
using the RNeasy minikit from Qiagen (Crawley, United Kingdom). Reverse 
transcription (RT)-PCRs were performed with the RT-PCR One Step System 
(Life Technologies, Paisley, United Kingdom), using 100 ng of total RNA 
according to the manufacturer's instructions. The primers used for the amplifi- 
cation of TGase 2 were TG30 (5'GACAACAACTATGGGGATGGT3') and 
TG9B (5'ATCATCTCX}CTCrTGTTCGTC3'). The primers used for the am- 
plification of TGase 1 were MTG1F (5*ACCACCACAGTGCTCCGATG3') 
and MTG1R (CCACACGTGGAAGTTCCAAAC3'). The following PCR pro- 
gram was used in all cases: 4TC for 30 min and 94'C for 2 min, followed by 35 
cycles of 94*C for 30 s, STC for 30 s, and 7CTC for 30 s. PCR products were 
resolved on a 1.6% agarose gel and stained with ethidium bromide. 

Determination of cell death. To estimate DNA fragmentation, a mixture of 
floating cells and cells mechanically recovered from flasks, which had been 
subjected to different treatments, were collected at 800 X g for 10 min and fixed 
with a 1:1 solution of PBS and methanol-acetone (4:1, vol/vol) at -20*C The cell 
cycle was evaluated by flow cytometry using PI staining (40 mg/ml) (22) in the 
presence of 13 kU of RNase A per ml (20 min of incubation al 37"C) on a 
FACS-Calibur Bow cytometer (Becton Dickinson, San Jose, Calif.). Cells were 
excited at 438 nm using a 15-mW argon laser, and the fluorescence was moni- 
tored at 578 nm at a rate of 150 to 300 evenis/s. Ten thousand events were 
evaluated using the Cell Quest program (Becton Dickinson). Electronic gating 
(FSC-a/vs/FSC-h) was used, when appropriate, to eliminate cell aggregates. 

LDH release For measurement of lactate dehydrogenase (LDH) levels, a kit 
was used according to the manufacturer's instructions (Sigma Chemical). Briefly, 
the cell culture supernatant was incubated with pyruvate and NADH, and the 
LDH activity was determined photometrically at 340 nm. 

Quantification of cross-linked apoptotic bodies. Cross-linked apoptotic bodies 
were estimated on cells cultured in 175-cm 2 flasks, as previously described (26). 
Cells floating in the culture medium were collected by centrifugation at 800 x g 
for 10 min and pooled with the cells mechanically recovered from flasks. After 
being washed in PBS, cells were suspended in 1 ml of lysis buffer (10 mM KCl, 
2 mM Mga a and 0.5% Triton X-100 in 10 mM Tris-HCI, pH 7.4) containing 1 
mM pbenylmethylsulfonyl fluoride and 2 mM fodoacetamide. After centrifuga- 
tion the pellet was washed in lysis buffer, suspended in a 2% sodium dodecyl 
sulfate solution containing 5% B-mercaptoethanol, and boiled, and the number 
of detergent-insoluble apoptotic bodies was scored using a phase-contrast mi- 
croscope (Diaphot; Nikon) and normalized to milligrams of protein. 

RESULTS 

Generation of TGase 2-deficient mice. The TGase 2 gene 
was disrupted by homologous recombination. The targeting 
vector deletes 1,200 bp of the TGase gene from exon 5 to 
intron 6. This deletion includes exon 6, which contains the 
active site. The Joss of the catalytic site abolishes the protein 
cross-linking activity of TGase 2, consequently removing its 
presumed role in the formation of the apoptotic body. Figure 
1 shows the targeting vector and the screening strategy. 

TGase 2~ { ~ mice show no clear phenotypic abnormality 
(macroscopic or microscopic); they develop normally and are 
capable of reproducing al the exp ected freque ncy. 
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FIG. 2. (A) Western blotting performed on liver extracts from wild- 
type and TCase-knockout mice with anti-TGase 2 antibody. Thirty 
micrograms of total protein was loaded in each lane. Recombinant 
guinea pig TGase 2 (0.1 u.g) was used as a positive control (C). This 
blot is representative of experiments performed on different tissues 
from four different animals per group. (B) TGase enzymatic activity 
measured in extracts from different mouse tissues and cultured MEFs 
in both wild-type and TGase- knockout mice. Activity was measured as 
incorporation of [ 3 H]putrescine into casein. Standard deviations for 10 
different evaluations are shown. (C) RT-PCR performed on RNA 
extracted from thymus tissues of wild-type and TGase-knockoul mice 
using primers for TGase 2 and TGase 1. 

In order to confirm that no TGase 2 protein is produced in 
TGase 2-deficienl mice, we performed Western blot analysis 
on liver, thymus, brain, and erythrocyte extracts from wild-type 
animals (TGase 2 + '"*) and from TGase 2~ l ~ mice. Our results 
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FIG. 3. Hypodiploid events in wild-type and knockout mouse thymocytes, either left untreated (spontaneous programmed cell death [PCD]) 
(bottom curves in panel A) or treated with etoposide (25 jjlM) (top curves in panel A), anti-CD95 agonist antibody (1 fig/ml) (B), dexamethasone 
(10 jiM) (C), and H 2 0 2 (30 u-M) (D). Cells were treated for 6, 12, and 24 h, then fixed with a 1:1 solution of PBS and methanol-acetone (4:1, 
vol/vol) at -20°C and stained with PL The number of events (10,000 collected) with hypodiploid DNA was measured by flow cytometry. The data 
reported are averages of four independent experiments performed on different mice. *, P = 0.0352 for +/+ versus -/- mice; **, P = 0.0451 for 
+ /+ versus -/- mice (according to the Student t test). Differences not indicated are not statistically significant 



show the absence of TGase 2 protein in the -/- animals (Fig. 
2A shows liver extracts). However, measurement of TGase 
activity (Fig. 2B) in different tissues extracted from TGase 
2~'~ animals showed that some residual TGase enzyme activity 
was still present. Indeed, while erythrocytes showed a reduc- 
tion in activity close to 100%, thymocytes showed the highest 
level of residual TGase activity, which is quite significant com- 
pared with the activity of TGase 2* /+ animals. RT-PCR of 
RNA extracted from thymus tissues of both +/+ and -/- 
animals showed that no transcript for TGase 2 was present in 
— /— animals (Fig. 2C). 

In order to detect and identify TGases different from type 2, 
we performed RT-PCRs using both specific and degenerate 
primers for the catalytic site region of TGases. Figure 2C 
shows that similar amounts of TGase 1 were expressed in -/- 
and +/+ animals. This should account for the residual TGase 
enzymatic activity. 



TGase 2"'~ thymocytes and MEFs show normal induction 
of apoptosis. Since a large number of reports suggest a role for 
TGase 2 in apoptosis, including in vivo in the thymus (47), we 
studied apoptosis induced ex vivo in mouse thymocytes and in 
vitro in MEFs. 

Apoptosis was induced with different stimuli, namely, eto- 
poside (Fig. 3 A), CD95 ligation (Fig. 3B), dexamethasone (Fig. 
3C), and H 2 0 2 (Fig. 3D). Figure 3 A shows also the sponta- 
neous level of apoptosis of thymocytes ex vivo. No relevant 
difference in the number of cells undergoing apoptosis was 
observed between +/+ and -/- animals with any of the treat- 
ments. 

Hie evaluation of apoptosis ex vivo was performed on cells 
presenting a significant TGase enzymatic activity (Fig. 2B), at 
least in part due to TGase 1. We therefore performed similar 
experiments on cultured MEFs, which show the lowest residual 
enzymatic activity (Fig. 2B). 
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FIG. 4. Hypodiploid events in wild-type and knockout MEFs treated with 1, 3, 5, and 10 mM for 15 min in PBS, washed, and then cultured 
in medium for 24 h (A); treated with 10 \jM RA for 48 and 72 h (B); or treated with UV irradiation for 1 or 3 min in PBS and then cultured in 
medium for 24 h (C). Cells were fixed with a 1:1 solution of PBS and raethanol-acetone (4:1, vol/vol) at -20°C and stained with PI. The number 
of events with hypodiploid DNA was measured by flow cytometry (see Materials and Methods). The data reported are averages of four 
independent experiments. (D) Corresponding transglutaminase activity in wild-type and knockout MEFs, untreated (Q or treated with 10 RA 
for 48 n, UV irradiation for 3 min followed by 24 h of culture, and 5 mM HjOj followed by 24 h of culture. The data reported are averages of 
four independent experiments. Statistical differences between treated cells and the corresponding controls were evaluated. In detail, differences 
were statistically significant as follows: P = 0.0189 for control and RA-treated +/+ cells; P = 0.0013 for control and UV-treated +/+ cells; 

P = 0.0294 for control and UV-treated -/- cells; and DO, P = 0.0475 for control and H ? 0 2 -treated -/- cells. Differences not indicated were 
not statistically significant. All differences between +/+ and -/- cells are statistically significant. 



As in the ex vivo studies, no difference was observed when 
+/+ and -/- MEFs were treated in vitro with H 2 0 2 (Fig. 4A), 
RA (Fig. 4B), or UV (Fig. 4C). Treatment of +/+ MEFs with 
RA and UV resulted in an increase in TGase activity; -/- 
MEFs had a much lower basal activity that increased with UV 
and H 2 0 2 treatment, while RA treatment resulted in a de- 
crease of TGase activity (Fig. 4D). Since TGase 1 is negatively 
regulated by retinoids, while TGase 2 is upregulated (50), 
these results are in keeping with the evidence that the minimal 
residual activity observed in MEFs is due to TGase 1 (Fig. 4D). 
Indeed, as for thymocytes, mRNA for TGase 1 was also de- 
tected in MEFs by RT-PCR (data not shown). 



Cross-linked apoptotk body formation is present in TGase 
2~'~ mice. It has been consistently suggested that TGase 2 
induction during apoptosis results in the formation of cross- 
linked insoluble apoptotic bodies. In order to investigate the 
possibility that the formation of cross-linked apoptotic bodies 
is impaired in TGase 2~'~ mice, we measured the number of 
insoluble apoptotic bodies in control or RA-, UV-, and H 2 0 2 - 
treated MEFs. Figure 5 A shows that apoptotic bodies also 
formed in TGase 2 -/ ~ ceils, even though the number of cross- 
Jinked apoptotic bodies was significantly reduced in UV- and 
H 2 O r lreatcd -/- MEFs. 

The reduction of cross-linked apoptotic bodies could be 



Vol. 21. 2001 



TRANSGLUTAMINASE 2 KNOCKOUT 153 




RA UV H 2 0 2 



B 




FIG. 5. (A) Cross-linked apoptotic body formation in wild-type and 
knockout MEFs. Cells were treated with 10 RA for 48 h, UV 
irradiation for 3 rain followed by culture for 24 h, or 3 mM H 2 6 2 for 
15 min followed by culture for 24 h. See Materials and Methods for 
details. (B) LDH release in wild-type and knockout MEFs. Cells were 
left untreated (C) or treated with UV irradiation for 3 min followed by 
culture for 24 and 48 h, 10 »iM RA for 48 and 72 h, or 1 and 10 raM 
H 2 0 2 for 15 min followed by culture for 24 and 48 h. The data reported 
are averages of four independent experiments. Statistical analysis was 
performed according to the Student t test to compare +/+ and -/- 
cells: +, P = 0.0014; *+, P = 0.0003. Differences not indicated are not 
statistically significant. 



accompanied by an increased release of cytoplasmic material 
from cells undergoing apoptosis. In order to evaluate this as- 
pect, we measured the release of LDH from +/+ and — /— 
MEFs after induction of apoptosis with UV, RA, and H 2 0 2 . 
Figure 5B shows that LDH release was only moderately in- 
creased (not statistically significant) in +/+ versus — /— MEFs. 
Treatment with UV, with which some necrosis was expected, 
showed a significant increase in LDH release in both +/+ and 
-/— cells. Therefore, our results are consistent with an essen- 
tially normal induction of apoptosis. 



DISCUSSION 

We have generated TGase 2-deficient mice through homol- 
ogous recombination techniques. No TGase 2 was detectable 
in these mice by RT-PCR or Western blotting. The mice were 
viable and fertile and showed no developmental abnormalities. 
Apoptosis induced with different agents in both fibroblasts and 
thymocytes is normal. The reduction in enzymatic activity in 
— /— mice showed only a minor effect on both cross-Jinked 
apoptotic body formation (Fig. 5 A) and LDH release (Fig. 
5B), with no major consequences for the mice. Although we 
cannot exclude the possibility that TGase 2 deficiency may play 
a role in pathological situations (11, 38), aged mice (up to 20 
months of age) do not show abnormalities such as cancer 
development and generation of autoimmunity (data not 
shown). It might be necessary to cross the mice into a more 
permissive genetic background in order to reveal an overt 
phenotype. 

Deletion of various genes involved in apoptosis does not 
always produce an evident phenotype. Mice with deleted 
caspases 1, 2, 6, and 11 do not show evident developmental 
abnormalities (51), while in other cases a very specific or min- 
imal phenotype is observed. Disruptions of other genes pro- 
duce a phenotype only when animals are stressed with specific 
inducers requiring that protein, namely, radiation on p53 _/ ~ 
(8) or liposaccharides on caspase 1~'~ (16, 18) cells. Even 
though the accredited model for apoptosis indicates the re- 
quirement for the apoptosome and in particular for apaf-1 and 
caspases 3 and 9 (for a review, see references 6 and 17), the 
knockout of the genes for these proteins shows that thymocytes 
are still able to undergo apoptosis (for a review, see references 
5 and 51). This has elicited various explanations, including the 
existence of additional unknown pathways or compensation 
mechanisms. 

Similarly, there are different possible interpretations for the 
lack of phenotype in TGase 2 animals: (i) TGase 2 is not 
involved in apoptosis; (ii) it is not involved in the central, 
essential apoptotic machinery, but it is part of a regulatory or 
side pathway elicited only by specific inducers or only in spe- 
cific tissues; or (iii) there is redundancy in the system. 

The lack of effect on apoptosis of targeted disruption of the 
TGase 2 gene is in apparent contrast to previous evidence in 
favor of a role for TGase 2 in the apoptotic program. Indeed, 
it has been shown previously that transfection of an antisense 
TGase 2 construct into cell lines confers resistance to apoptosis 
induction, while sense transfectants show enhanced spontane- 
ous apoptosis (22). There are several reasons for this disparity. 
First, not all models of apoptosis require TGase 2. For exam- 
ple, CD95 ligation elicits apoptosis independently of the 
steady-state levels of TGase 2 protein (3); correspondingly, 
there is no change in TGase enzymatic activity during CD95- 
induced apoptosis (3). Second, other TGases may assume the 
protein cross-linking role of TGase 2. Indeed, the TGase 2~ f ~ 
mice showed different degrees of TGase enzymatic activity in 
different tissues. Our data show the presence of TGase 1 in 
both +/+ and -/- mice. Recently, TGase 1 has been shown to 
exist in tissues different from the skin, namely, in the central 
nervous system (15). Furthermore, the TGase activity levels in 
— /— thymocytes is inhibited by GTP, a property of TGase X 
(E. Candi, G. Melino, ct al., unpublished observation), sug- 
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gesting its expression in lymphoid tissue. Therefore, the pos- 
sibility that other TGases, and particularly TGase 1, can com- 
pensate for TGase 2 loss cannot be excluded. TGases show 
very different biochemical properties, such as k^JK m ratio, 
residue preference, and yield (26). Therefore, it is unlikely that 
there is a perfect compensation among distinct TGases, In fact, 
TGase 1 knockout animals show a lethal phenotype, despite 
the presence of four distinct TGases in the skin (20). However, 
point mutations for TGase 1 in humans, with complete Joss of 
TGase enzymatic activity (4), are compatible with life but 
cause a skin disease known as lamellar ichthyosis (12, 42), 
suggesting a different degree of compensation in humans. 

Despite the large body of data suggesting an involvement of 
TGase 2 in apoptosis, its precise role in this process is not 
evident from the present gene disruption study. While the 
TGase 2~'~ animals could be used to study other functions of 
the enzyme, particularly by further crossbreeding to evaluate 
its contribution in pathologies such as celiac (7, 27) and Hun- 
tington (13, 14, 19, 43) diseases, clarification of the importance 
of TGase 2 in apoptosis may well require the generation of 
animals deficient in multiple TGases. 

ACKNOWLEDGMENTS 

We thank Mauro Piacentini, Gennaro Ciliberto, and Richard A. 
Knight for generous support, critical discussions, and helpful sugges- 
tions. This work could not have been completed without the generous 
help of Francesca Bernassola, Eleonora Candi, Marco Corazzari, 
Daniela Barcaroli, and Marco Ranalli. We thank Giuseppe Bertini, 
Giancarlo Cortese, and Pierino Piccoli (S.SJX SAFU, Instituto Fisio- 
terapici Ospedalieri, Rome, Italy) for technical assistance and mouse 
husbandry. 

The work was partially supported by grants from MURST, MinSan, 
Associazione Neuroblastoma, AIRC, Telethon (E 872 and E 1257), 
and EU (QLGM999-00739). 

REFERENCES 

1. Achyulhan, K. and C S. Greta berg. 1987. Identification of a guanosine 
triphosphate-binding site on guinea pig liver transglutaminase. Role of GTP 
and calcium ions in modulating activity. J. Biol. Chem. 262:1901-1906. 

2. Amendola, A., M. L. Gongeon, F. Poccia, A. Bondnrand, L. Fesus, and M. 
Piacentini. 1996. Induction of "tissue" transglutaminase in HIV-pa Ovogen- 
esis: evidence for high rate of apoptosis orCD4+ T lymphocytes and acces- 
sory cells in lymphoid tissues. Proc. Natl. Acad. Sci. USA 93:11067-1 1061 

3. Bernassola, F., C Scheurpflog, I. Hcrr, P. H. Krammer, K. M. Debatin, and 
G. Melino. 1999. Induction of apoptosis by IFNgamma in human neuroblas- 
toma cell lines through the CD95/CD95L autocrine circuit Cell Death Dif- 
fer. 6:652-660. 

4. Candi, &, G. Melino, A. Lohm, R. Ceei, A Rossi, I.-G. Kim, R Ciani, and 
P. M. Stdnert. 199$. Transglutaminase 1 mutations in lamellar ichthyosis. 
J. BioL Chem. 273:13693-13702. 

5. Cccconl, F. 1999. Apafl and the apoptotic machinery. Cell Death Differ. 6: 
10S7-1098. 

6. De Lourcnzi, V., and C. Melino. 2000. Apoptosis. The little devil of death. 
Nature 406:135-136. 

7. Dteterich, W., T. Ehnfs, M. Boner, P. Donner, U. Volla, & O. Riecken, and 
D. Schuppan. 1997. Identification of tissue transglutaminase as the autoan- 
ligen of celiac disease. Nat. Med. 3:797-801. 

8. Donehower, L. A, M. Harvey, B. U Slagk, M. J. McArthor, C A. Mont- 
gomery, Jr., J. S. Bute!, and A Bradley. 1992. Mice deficient for p53 are 
developments Uy normal but susceptible to spontaneous tumours. Nature 
35*2 15-221. 

9. Fesus, V. Thoraazy,F. Aotoori, M. P. Ceru*, E. Tarcsa, and M. Piacentini. 
19S9. Apopiotic hepatocytes become insoluble in detergents and chaotropic 
agents as a result of transglutaminase action. FEBS Lett. 245:150-154. 

10. Fesus, U, P. J. A Davies, and M. Piacentini. 1991. Apoptosis: molecular 
mechanisms in programmed cell de3th. Eur. J. Cell Biol. 56:170-177. 

1 1 . Hettasch, J. M., N. Bandarcnko, J. L. Burchette, T. S. Ui, J. R. Marks, Z. A 
Haroon, K. Peters, M. W. Dcwtrfrst, J. D. Igleharl, and C S. Greenbcrg. 
1996. Tissue transglutaminase expression in human breast cancer. Lob. In- 
vestig. 75:637-645, 

12. II oner, M M I. Retllcr, K. Bernasconi, E. Frenk, S. P. Lavrijsen, M. Ponec, A 



Bon, S. Laulcnschlager, D. F. Schorderet, and D. Hohl. 1995. Mutations of 
keraiinocyte transglutaminase in lamellar ichthyosis. Science 267.525-52S. 

13. Igarashi, &, R. Kolde, T. Shiraohala, M. Yamada, V. Hayashi, H. Takano, II. 
Date, M. Oyakc, T. Sato, A Sato, S. Egawa, T. Ikenchi, H. Tanaka, R. 
Nakano, K. Tanaka, L Hozuini, T. Inuznka, B. Takahashi, and S. Tsoji. 
199$. Suppression of aggregate formation and apoptosis by transglutaminase 
inhibitors in cells expressing truncated DRPLA protein with an expanded 
Doryghitamine stretch. Nat Genet. 18:111-117. 

14. Kohl em, P., H. Green, and P. Djian. 199S. Transglutaminase action imitates 
Huntington's disease: selective polymerization of Hunttngtin containing ex- 
panded polyglutamine. Mol. CeU 1:595-601. 

15. Kim, S. Y., P. Crani, J. H. Lee, H. C Pant, and P. M. SteinerL 1999. 
Differential expression of multiple transglutaminases in human brain. In- 
creased expression and cross-linking by transglutaminases 1 and 2 in Alzhei- 
mer's disease. J. Biol. Chem. 274:30715-30721. 

16. Koida, K., J. A Uppke, G. Kn, M. W. Harding, D. J. Livingstone, M. S.-S. 
So, and R. A FlavdL 1995. Altered cytokine export and apoptosis in mice 
deficient in imerteukin-1 beta converting enzyme. Science 281:2000-2002. 

17. Kumar, S. 1999. Mechanisms mediating caspase aaivation in cell death. Cell 
Death Differ. 6:1060-1066. 

IS. Li, P., B. Allen, S. Banerjee, S. Franklin, L. Herxog, C Johnstone, J. 
McDowell, M. Poskind, L Rodman, J. Salfeld, E. Townes, D. Tracey, S. 
Wardwdl, F.-Y. Wei, W. W. Wong, R. Kamen, and T. Seshadri. 1995. Mice 
deficient in IL-1 beta-converting enzyme are defective in production of 
mature IL beta and resistant to endotoxic shock. Cell 80:401-41 1. 

19. Lorand, L, 1998. DRPLA aggregation and transglutaminase, revisited. Nat. 
GeneL 20:231. 

20. MatsufcJ, F. Yamashlta, A Ishida-Yamamoto, K. Yamada, C KinoshiU, 
S. Fnshiki, E. Ueda, Y. Morishtma, K. Tabata, H. Yasuno, M. Hashida, H. 
Ilznka, M. Ikawa, M. Ofcabe, G. Kondoh, T. Kinoshita, J. Takeda, and K. 
YamanishL 1998. Defective stratum corneum and early neonatal death in 
mice lacking the gene for transglutaminase 1 (keraiinocyte transglutami- 
nase). Proc Natl Acad. Sci. USA 95:1044-1049. 

21. Melino, G., M. G. Farrace, M. P. Cern', and M. Piacentini. 1988. Correlation 
between transglutaminase activity and potyamine levels in human neuroblas- 
toma cells. Effect of retinoic acid and atpha-difiuoromethylornithine. Exp. 
Cell Res. 179:429—445. 

22. Melino, G., M. Annicchiarico-Petrnzzclli, L. Piredda, E. Candi, V. Gentile, 
P. J. A. Darks, and M. Piacentini. 1994. Tissue transglutaminase and apo- 
ptosis: sense and antisense transfeciion studies with human neuroblastoma 
cells. MoL CeU. BioL 14:6584-6596. 

23. Melino, G., F. Bernassola, M. T. Corasanili, R. A. Knight, G. Nislfco, and A. 
Finazzi-Agro. 1997. S-nitrosylation regulates apoptosis. Nature 388:432-433. 

24. Melino, G., M. Draooi, M. Piacentini, L. Bcilincampi, F. Bernassola, V, 
Reichert, and P. Cohen. 1997. Retinoic acid receptors a and g mediate 
ttssue-transglutaminase induction in human neuroblastoma cells undergoing 
apoptosis. Exp. Cell Res. 25S:55-61. 

25. Melino, G^ and M. Piacentini. 1998. Tissue transglutaminase in apoptosis: a 
downstream or a multifunctional upstream effector? FEBS Lett. 430:59-63. 

26. Melino, G^ E. Candi, and P. M. Steinert. 2000. Assay for transglutaminases 
in cell death. Methods Enzymol 322:433-472. 

27. Molberg, O., S. N. Mcodaro, R. Korner, H. Qoarsten, C. Kristiansen, L. 
Madsen, L. Fuggcr, H. Scott, O. Noren, P. Roepstorff, K. E. Lund in, H. 
Sjostrora, and L. M. Sollid. 1998. Tissue transglutaminase selectively mod- 
ifies gliadin peptides that are recognized by gut-derived T cells in celiac 
disease. Nat. Med. 4:713-717. 

28. Nagy, 1*, M. Saydak, N. Shipley, S. Lu, J. P. Bo si lion, Z. H. Yan, P. Syka, R. 
Chandra ratna, R. Beymaa, and P. J. A. Davtes. 1996. Identification and 
characterization of a versatile retinoid response element (RARE/RXRE) in 
the promoter of the mouse tissue transglutaminase gene. J. Biol. Chem. 271: 
4355-4365. 

29. Nagy, U, V. A. Thoraazy, M. M. Saydak, J. P. Stein, and P. J. A. Davies. 1997. 
The promoter of mouse tissue transglutaminase gene directs tissue-specific, 
retinoid-regulated and apoptosis- linked expression. Cell Death Differ. 4: 
534-547. 

30. Nakaoka, H., D. M. Perez, K. J. Bock, T. Das, A. Husaln, K. Misono, M. Im, 
and R. M. Graham. 1994. Gh: a GTP-binding protein with transglutaminase 
activity and receptor signaling function. Science 264:1593-1596. 

31. Ncraes, 2., Jr., R. R. Friis, D. Acschliman^ S. Sanrer, M. Paalsson, and L. 
Fesus. 1996. Expression and activation of tissue transglutaminase in apopto- 
tic cells of involuting rodent mammary tissue. Eur. J. Cell Biol. 70:125-133. 

31 Piacentini, M^ 1* Pesos, M. G. Farrace, L. Ghibdli, L. Piredda, and C. 
Melino. 1991. The expression of "tissue'* transglutaminase in two human 
cancer cell lines is related with the programmed cell death (apoptosis). Eur. 
J. Cell Biol. 54:246-254. 

33. Piacentini, M., M. Annkchiarico-Peirnzzelli, S. Oliverio, L. Piredda, J. L. 
Dicdler, and G. Mdina 1992. Phenoiype-snc:cific "tissue" transglutaminase 
regulation in human neuroblastoma cells in response to retinoic acid: cor- 
relation with cell death by apoptosis. Int. J. Cancer 52:271-27S. 

34. Piacentini, M., L Fesus and C. Mdino. 1993. Multiple cell cycle access to 
the apoptotic death programme in human neuroblastoma cells. FEBS Lett. 
320:150-154. 



Vol. 21. 2001 



TRANSGLUTAMINASE 2 KNOCKOUT 155 



35. Ptacentinj, M., and F. Antaori. J 994. Immunohistochemical localization of 
tissue transglutaminase and Be 1-2 in rai uterine tissues during embryo im- 
plantation and post -par turn involution. Differentiation 57:51-61. 

36. Piaceniini, M. 1995. Tissue transglutaminase: a candidate effector element 
of physiological cell death. Curr. Top. Microbiol. Immunol. 200:163-176. 

■ 37. Piaceniini, M., L. Piredda, D. Starace, M. AnnicchUrico-Petriiizelli, M. 
Mattel, S. Oliverio, M. G. Farrace, and G. Melino, 1996. Differential growth 
properties of S- and N-type human neuroblastoma cell variants transplanted 
into SCID mice: correlation with apoptosis and effect of ethanoL J. Pathol. 
180:415-422. 

38. Piaceniini, and V. CoIizzL 1999. Tissue transglutaminase: apoptosis 
versus autoimmunity. Immunol. Today 20:130-134. 

39. Piredda, L., A. Araendola, V. Colizzi, P. J. A. Da vies, M G. Forroce, M. 
Fraxiano, V. Gentile, L Uray, M. Piacentini, and L. Fesos. 1997. Lack of 
"tissue" transglutaminase protein crass-linking leads to leakage of macro- 
molecules from dying cells: relationship to development of autoimmunity in 
MRUpr/Ipr mice. Cell Death Differ. 4:463-472. 

40. Piredda, L., M. G. Farrace, M. Lo Bdlo, W. Malorni, G. Merino, R. Perrnz- 
icUi, and M. Piacentini. 1999. Identification of 'tissue' transglutaminase 
binding proteins in neural cells committed to apoptosis. FASEB J. 13:355- 
364. 

41. Ritter, & J., and P. J. Da vies. 1998. Identification of a transforming growth 
factor-betal/bone morphogenelic protein 4 (TGF-betal/BMP4) response 
element within the mouse tissue transglutaminase gene promoter. J. BioL 
Chem. 273:12798-12806. 

42. Russell, L. J., J. J. DiGlovanna, G. R. Rogers, P. M. Steinert, N. Hashem, 
J. G. Corapton, and & J. Bale, 1995. Mutations in the gene for transglutami- 
nase 1 in autosomal recessive lamellar ichthyosis, Nat. Genet. 9:279-283. 



43. Saudou, F., S. Finkbciner, D. De*?*., and M. E. Greenberg. 199S. Hunting! in 
acts in the nucleus to induce apoptosis but death does not correlate with the 
formation of intranuclear inclusions. Cell 95:55-66. 

44. Steinert, P. M. 1995. A model for the hierarchical structure of the human 
epidermal cornified cell envelope. Cell Death Differ. 2:33-40. 

45. Steinert, P. M., C Candi, E. Tarcsa, U N. Marekov, M. Sette, M. Pad, B. 
Qani, P. Goenieri, and G. Melino. 1999. Transglutaminase crosslinking and 
structural studies of the human small proline rich 3 protein. Cell Death 
Differ. 6:916^930. 

46. Strange, R^ F. Li, S. Sourer, A. Bukhard, and R. R. Friis. 1992. Apoptotic 
cell death and tissue remodelling during mouse mammary gland involution. 
Development 115:49-58. 

47. Szondy, P. Molnar, Z. N ernes, M. Boytordils, N. Kedei, R. Toth, and L 
Fesos. 1997. Differential egression of transglutaminase during in vivo apo- 
ptosis of thymocytes induced via distinct signalling pathways. FEBS Leu. 
404307-313. 

43. Thomazy, V. A~, and P. J. Da vies. 1999. Expression of tissue transglutaminase 
in the developing chicken limb is associated both with apoptosis and endo- 
chondral ossification. Cell Death Differ. & 146-154. 

49. Tybolewicz, Y.L,CE. Crawford, P. K. Jackson, R. T. Branson, and R. C 
Mulligan. 1991. Neonatal lethality and lymphopenia in mice with a homozy- 
gous disruption of the c-abl proto-oncogene. Cell 65:1153-1163. 

50. Zhang, L. X., K. J. Mills M. 1. Dawson, S. J. Collins, and A. M. Jetton. 1995. 
Evidence for the involve men i of retinoic add receptor RAR alpha-depen- 
dent signaling pathway in the induction of tissue transglutaminase and apo- 
ptosis by retinoids. J. Biol. Chem. 270:6022-6029. 

51. Zheng, T. S^ S. Honot, K. Koida, and R. A. Flavelt 1999. Caspase knock- 
outs: matters of life and death. Cell Death Differ. 6:1043-1053. 



A lupus-like syndrome develops in mice lacking the 
Ro 60-kDa protein, a major lupus autoantigen 

Dahai Xue\ Hong Shi*, James D. Smith*, Xinguo Chen* # Dennis A. Noe* Tommy Cedervall*, Derek D.Yang*, 
Elizabeth Eynon*, Douglas E. Brash*, Michael KashgariarA Richard A. Ravell*, and Sandra L Wolin* 11 

•Department of Cell Biology and Howard Hughes Medical Institute, Yale University School of Medicine, New Haven, CT 06536; t Section of Immunobiology 
and Howard Hughes Medical Institute and ^Department of Pathology, Yale University School of Medicine. New Haven, CT 06510; and 'Departments of 
Therapeutic Radiology and Genetics, Yale University School of Medicine, New Haven, CT 06520 

Communicated by Joan A. Steitz, Yale University, New Haven, CT. April 23, 2003 (received for review March 3, 2003) 



Antibodies against a conserved RNA-binding protein, the Ro 60- 
kDa autoantigen, occur in 24-60% of all patients with systemic 
lupus erythematosus. Anti-Ro antibodies are correlated with pho- 
tosensitivity and cutaneous lesions in these patients and with 
neonatal lupus, a syndrome in which mothers with anti-Ro anti- 
bodies give birth to children with complete congenital heart block 
and photosensitive skin lesions. In higher eukaryotes, the Ro 
protein binds small RNAs of unknown function known as Y RNAs. 
Because the Ro protein also binds misfotded 5S rRNA precursors, it 
is proposed to function in a quality-control pathway for ribosome 
biogenesis. Consistent with a role in the recognition or repair of 
intracellular damage, an orthologue of Ro in the radiation-resistant 
eu bacterium Deinococcus radiodurans contributes to survival of 
this bacterium after UV irradiation. Here, we show that mice 
lacking the Ro protein develop an autoimmune syndrome charac- 
te rized by anti-ribosome antibodies, anti-chromatin antibodies, 
and glomerulonephritis. Moreover, in one strain background. 
Ho' 1 ' mice display increased sensitivity to irradiation with UV 
light Thus, one function of this major human autoantigen may be 
to protect against autoantibody development possibly by seques- 
tering defective ribonucleoproteins from immune surveillance. 
Furthermore, the finding that mice lacking the Ro protein are 
photosensitive suggests that loss of Ro function could contrib- 
ute to the photosensitivity associated with anti-Ro antibodies 
in humans. 

Patients suffering from systemic rheumatic diseases such as 
scleroderma, systemic lupus erythematosus, and polymyosi- 
tis often produce antibodies against highly conserved RNA- 
protein complexes. A fascinating but poorly understood facet of 
these diseases is that specific autoantibodies are associated with 
distinct rheumatic disease syndromes. For example, antibodies 
against tRNAs and tRNA-synthetase complexes are commonly 
found in polymyositis, whereas antibodies against nucleolar 
components are associated with scleroderma (1). This associa- 
tion of particular autoantibodies with specific syndromes has 
been useful for establishing diagnoses and for predicting se- 
quelae that may accompany the particular rheumatic disorder. 

In two rheumatic diseases, systemic lupus erythematosus and 
Sjogren's syndrome, a major target of the immune response is an 
RNA-binding protein known as the Ro 60-kDa autoantigen. In 
lupus patients, anti-Ro antibodies are highly associated with 
photosensitivity and photosensitive skin lesions, particularly 
those of subacute cutaneous lupus erythematosus (1, 2). In 
addition, anti-Ro antibodies are associated with neonatal lupus, 
a syndrome in which maternal autoantibodies cross the placenta, 
resulting in infants with photosensitive skin lesions and a cardiac 
conduction defect, complete congenital heart block (3). 

Studies of the Ro 60-kDa protein have revealed that it is 
present in both the nucleoplasm and cytoplasm of vertebrate 
cells (4-6). In the cytoplasm, the Ro protein is complexed with 
one of several small RNAs known as Y RNAs. These Y RNAs 
are *=100 nt long, transcribed by RNA polymerase III, and bound 
almost entirely by the Ro protein (7). The Ro protein/Y RNA 
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complex is conserved evolutionarily, because orthologues have 
been described in mammals, the frog Xenopus laevis y and the 
nematode Caenorhabditis elegans, as well as the radiation- 
resistant eubacterium Deinococcus radiodurans (8-12). Al- 
though the function of the Y RNAs remains unknown, genetic 
depletions of the Ro protein from C. elegans and D. radiodurans 
have revealed that Ro protein binding stabilizes Y RNAs from 
degradation (12, 13). Both mammalian cells and Xenopus oo- 
cytes contain a nuclear pool of Ro protein, which is not 
complexed with Y RNAs (4-6). 

Experiments inX laexns and C. elegans have led to the proposal 
that the Ro 60-kDa protein functions in a quality-control 
pathway for ribosome biogenesis (6, 13). In Xenopus oocyte 
nuclei, the Ro protein associates with a large class of variant 5S 
rRNA precursors. To synthesize the large numbers of ribosomes 
needed for early development, X, lae\>is contains 20,000 genes 
encoding the oocyte 5S rRNA, many of which diverge from the 
consensus 5S rRNA sequence (14). The 5S rRNA variants bound 
by the Ro protein contain additional gene-encoded nucleotides 
at their 3' ends, suggesting that they are generated by read- 
through of the first termination signal for RNA polymerase TLX. 
The variants also contain one or more changes from the con- 
sensus 5S rRNA sequence that cause the RNAs to mis fold into 
a structure recognized by the Ro protein (15). Because these 
variant pre-5S rRNAs are processed inefficiently to mature 5S 
rRNA and eventually degraded, the Ro protein is proposed to 
function in a quality-control pathway for 5S rRNA biogenesis (6, 
15). Consistent with a role in ribosomal quality control, nema- 
todes lacking the Ro protein have increased numbers of variant 
5S rRNAs (13). 

Genetic analyses in C elegans and D. radiodurans have impli- 
cated the Ro 60-kDa protein in the resistance to environmental 
stress. C. elegans lacking the Ro protein are defective in the 
formation of dauer larvae, a stress-resistant stage formed when 
environmental conditions are unfavorable for growth (16). D. 
radiodurans lacking the Ro protein exhibit decreased survival 
after UV irradiation. Moreover, both the Z>. radiodurans Ro 
protein and a Y RNA orthologue are up-regulated after UV 
irradiation, suggesting a role for the Ro ribonucleoproteins 
(RNPs) in the recognition and/or repair of intracellular dam- 
age (12). 

To examine the role of Ro RNPs in a mammalian organism, 
we created mice lacking the Ro 60-kDa protein. We report that 
mice lacking the Ro autoantigen develop an autoimmune syn- 
drome that shares several features with the human disease 
systemic lupus erythematosus. Similar to lupus patients, Ro' 1 ' 
mice exhibit anti-ribosome and anti-chromatin antibodies, glo- 
merulonephritis, and sensitivity to sunlight. Thus, one normal 
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function of this major lupus aiitoantigcn may be 10 protect 
against the development of autoimmune disease. 

Materials and Methods 

Generation and Characterization of Ro - '- Mice. DNAs correspond- 
ing to the first 10 kb of the mouse Ro gene (17) were isolated 
from a AF1XII mouse genomic library (129/Sv strain; Strat- 
agene) by using human cDNA (18) as a hybridization probe. To 
construct the targeting vector shown in Fig. \A, we used 
plasmids (19) in which the PGKneo cassette (pBS-neo) and 
herpes simplex virus thymidine kinase genes (pBS-TK) were 
cloned into pBlucscript SK (Stratagene). First, a 2.3-kb Pstl 
fragment containing intronic sequences between the second and 
third coding exons was inserted into the pBS-neo vector at the 
£coRI site. Next, a 3-kb Notl/EcoRl fragment containing the 
1.6-kb PGKneo cassette and 1.4 kb of Ro sequences was excised 
from the pi asm id and inserted into the corresponding sites of 
pBS-TK. Last, a 4.7-kb Notl/Xbal fragment derived from the 5' 
end of the Ro genomic clone was ligated into the corresponding 
sites of the TK/PGKneo/Ro-containing plasmid. The resulting 
plasmid was linearized with Noil and electroporaled into W9.5 
embryonic stem cells. Genomic DN A from transformants resis- 
tant to G418 (200 jig/ml) and ganciclovir (2 fiM) was digested 
with Pstl and subjected to Southern blot analysis. Gones con- 
taining the targeted mutation were injected into C57BL/6 
blastocysts, followed by implantation into pseudopregnant foster 
mothers. Male chimeric mice were mated with C57BL/6 female 
mice, and germ-line-transmitted progeny were obtained. Light 
and electron microscopic examination of kidneys was performed 
as described (20). 

For Northern blot analyses to detect Y RNAs, total brain 
tissue was lysed in TRIzol (Invitrogen), and RNA was isolated 
as described by the supplier. After fractionation in 5% poty- 
acrylamide/8 M urea gels, the RNA was transferred to Zeta- 
probe GT nylon membranes (Bio-Rad) in 0.5 X TBE (1 X TBE = 
89 mM Tris/89 mM boric acid/2.0 mM EDTA, pH 8.3) at 150 
raA for 16 h. Oligonucleotides used to detect mYl and mY3 
RNA were 5'-AAGGGGGGAAAGTGTAGAACAGGA-3' 
and 5'-GAGCGGAGAAGGAACAAAGAAATCTG-3', 
respectively. 

For Western blot analyses, brain extracts were fractionated in 
SDS/poIyacrylamide gels, transferred to nitrocellulose as de- 
scribed (21), and probed with a monoclonal anti-mouse Ro. 
antibody. To prepare the antibody, oligonucleotides 5'- 
GGCGCGGGATCCGAAGGATCTGCAAACCAGTTGC-3' 
and 5'-GCCGCGGAGCTCTTAAATGACATCCAAT- 
GTGAAATTCCG-3' were used to amplify the mouse Ro 
protein-coding sequence. The DNA was digested with BamK 
and Sad and inserted into pTrcHisA (Invitrogen). Because the 
recombinant protein was insoluble, it was solubilized in 
guanidine-HCI, purified from Escherichia coli lysates, and rena- 
tured as described (12). After renaturation, the protein was used 
to immunize Ro~ H mice. Spleen cells were fused to Ag8.653 cells 
by using standard methods. Antiserum against human Uch-L5 
was a generous gift of R. Cohen (University of Iowa, Iowa City). 

Analysis of T and B Cell Function. Thymus, spleen, lymph nodes, and 
bone marrow were isolated from Ro' 1 ' and wild-type mice, 
stained with the appropriate antibodies [CD4, CD8, T cell 
receptor, CD69, CD44, CD25, CD45R, CD43, IgM, and IgD 
antibodies (Pharmingen)] and analyzed by using a FACSCalibur 
analysis instrument (Becton Dickinson). Adult /fc>~'~, Ro +f ~, 
and wild-type mice were immunized s.c. with keyhole limpet 
hemocyanin (Calbiochem) that was emulsified in complete 
Freund's adjuvant. After 10 days, mice were killed and lymph 
node cells were assayed for proliferation by [ 3 H]thymidine 
incorporation (New England Nuclear) and cytokine production 
by ELISA (Pharmingen). Blood was collected at this lime, and 



anti-keyhole limpet hemocyanin antibodies were measured by 
ELISA (Southern Biotechnology Associates). Ig levels were 
measured by ELISA in unimmunized mice and in age-matched 
Ro~ f ~ , /to" 1 "-'" , and wild-type mice. 

Characterization of Autoantibodies. Mouse NIH 3T3 ceils were 
fixed in 3% formaldehyde/120 mM sodium phosphate, pH 7.4. 
and subjected to immunofluorescence analysis. Sera were used 
at dilutions between 1:125 and 1:1,000. Antibodies against 
RNA-containing antigens were detected by performing immu- 
noprecipitations" frorn mouse LI 210 cells as described (8, 22). 
RNAs contained within immunoprecipitates were labeled with 
[ 32 P]pCp and T4 RNA ligase (23) and fractionated in 5% 
polyacrylamide/8 M urea gels. Reference sera were anti-Sm and 
anti-ribosome mouse monoclonal antibodies (24) and human 
anti-P antibodies (a gift of K. Elkon, University of Washington, 
Seattle). Antibodies against histones were detected by Western 
blotting extracts of mouse LI 210 cells as described (21) by using 
sera diluted to 1:500 and 1:1,000. Antibodies against double- 
stranded and single-stranded DNA (Euroimmun, Lubeck, 
Germany) and nucleosomes (Medizym, Medipan Diagnostics, 
Selchow, Germany) were detected by ELISA using precoated 
plates. For ELISAs, the mean reactivity for 18 wild-type anti- 
nuclear antibody (ANA)-negative mice was determined. Values 
higher than three standard deviations above the mean were 
considered positive. 

To identify the «=30-kDa doublet recognized by many sera, 
L1210 cells were sonicated in 40 mM Tris-HCI, pH 7.5/150 mM 
NaCl/2 mM MgCh by using a Branson sonifier (twice for 20 
sec at setting 3), After sedimentation at 10,000 X g for 10 min, 
the 30-kDa doublet was found in the pellet. The pellet was 
subjected to sequential salt extraction using 300 and 600 mM 
NaCl. The doublet corresponded to two bands in the 600 mM 
NaCl supernatant, which were microsequenced at the Yale 
Keck Facility. For the ^15-kDa band, embryonic stem cells 
were lysed in a Dounce homogenizer in 40 mM Tris*HCl, pH 
7.5/150 mM Nad/2 mM MgCl 2 /0.1% Nonidet P-40/10 mM 
DTT, and nuclei were sedimented at 10,000 X g for 10 min. 
After resuspension in the same buffer, nuclei were disrupted 
by sonication and the lysate was sedimented at 10,000 X g for 
10 min. After washing the pellet with 300 mM NaCl in the 
above buffer, the pellet was incubated in 0.2 M HCI for 30 min 
on ice to extract histones, followed by sedimentation at 
10,000 X g for 10 min. The supernatant was applied to a PD-10 
column (Amersham Biosciences) equilibrated in 50 mM so- 
dium phosphate, pH 8.5. The column eluate was applied to an 
SP Sepharose column equilibrated in the same buffer. His- 
tones were eluted with 1 M NaCl. 

UV Sensitivity. Mice (6-8 weeks old) were shaved on the back and 
irradiated 24 h later by using UVB lamps (FS20T12/UVB, 
National Biological, Twinsburg, OH; ref. 25). After 24 h, animals 
were killed and the exposed skin was excised, fixed, and exam- 
ined for sunburn cells as described (25). 

Results 

Generation of Mice Lacking the Ro 60-kDa Autoantigen. Ro-deficient 
mice were generated through homologous recombination in 
embryonic stem cells. The targeting vector replaced the first 
coding exon of the Ro gene and parts of the adjacent introns with 
a neo gene cassette (Fig. 1 A and B). Targeted embryonic stem 
cells were injected into C57BL/6 blastocysts, and the resulting 
chimeric males were bred with C57BL/6 females to generate Fi 
hybrid (129/Sv X C57BL/6) heterozygotes. The Fi hybrid mice 
were inbred to generate F 2 and F 3 hybrid progeny. In addition. 
Ro' ! ~ F 3 hybrid progeny were backcrossed three generations to 
C57BL/6 mice and then inbred to generate F| progeny. Ro" } ~ 
mice from both backgrounds were viable and fertile. Western 
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Fig. 1 . Disruption of the Ro gene. (A) Diagram showing the Ro gene locus, 
the targeting construct and the recombined mutant allele. The f i rst two exons 
are indicated by fitted boxes, and the translation initiation site is indicated 
(arrow). (8) Southern analysis of ffrtl-digested DNA from wild-type (lanes 1 and 
2), Ro*'- (lanes 3 and A), and Ro"'" (lanes 5 and 6) mice. (Q Western blots of 
brain extracts with a rabbit anti-Ro serum. The blot was reprobed to detect 
Uch-L5, which runs as a doublet {Middle), and actin (Bottom). (D) Northern 
blot analyses of brain RMA reveal that Y RNAs are reduced in «o + ' - and /to - '" 
mutant mice. 



blotting of brain extracts confirmed that Ro protein levels were 
reduced in mice and undetectable in Ro' 1 ' mice (Fig. 1C). 
Reprobing of the blot revealed that expression of the neighbor- 
ing Uch-L5 gene, whose transcription start site is 2.9 kb from the 
neo insertion, was unaffected (Fig. \C). Northern analyses 
revealed that the levels of the two mouse Y RNAs, mYl and 
mY3 (26, 27), were reduced in Ro +, ~ mice and undetectable in 
Ro~i~ mice (Fig. LD), consistent with previous reports that Ro 
protein binding is required for stable accumulation of these 
RNAs (12, 13). 

Mice Lacking the Ro Protein Develop Membranoprolrferative Glomer- 
ulonephritis. Although histologic examination of 6-week-old 
Ro~t~ mice reveal ecT no significant abnormalities, ^10% of the 
original F 2 and F 3 hybrid Ro' 1 ' mice (8 of 74), but none of the 
wild-type mice (0 of 55), were dead within 6 months. By 12 
months, this mortality had increased to 28% (21 of 74) of the 
Ro" 1 " mice, compared with 4% (2 of 55) of the wild-type mice. 
Mice showing signs of distress, such as fur ruffling and 
lethargy, were killed and subjected to histologic examination. 
All had evidence of membranoproliferative glomerulonephri- 
tis (Fig. 2). Examination of asymptomatic mice revealed that 
most (8 of 9) Jto~'~mice between 6 and 8 months of age showed 
changes characteristic of membranoproliferative glomerulo- 
nephritis. Inspection of other organs revealed no apparent 
differences compared with wild-type iittermates. After three 
backcrosses to C57BL/6 mice, the Ro~'~ mice no longer 
exhibited increased mortality compared with their wild-type 
counterparts. Nevertheless, examination of kidneys revealed 
that all Ro~ } ~ mice >6 months of age exhibited histologic 
changes. The glomeruli were hyperceliular with leukocytes in 
the capillary lumens (Fig. 22?), and immunofluorescence mi- 
croscopy demonstrated the presence of IgG in a granular 
pattern (data not shown). Electron microscopy confirmed (he 
presence of electron-dense deposits consistent with immune 




Fig. 2. Glomerulonephritis in fto"'" mice. Light (A B, £, F, I, and J; ;<200) 
and electron (C D, G, H, K, and L; x 5,000) microscopy of kidneys from Ro~ h - 
mice and age-matched controls. Ro~'' and wild-type mice from the original 
hybrid strain (A-O) were examined at 16.5 months, and backcrossed mice 
were examined at 7 (£-W) and 12.5 (A-L) months. Age-matched controls 
show essentially normal histology. The hybrid ffo~ / ~ mice show glomerular 
hypercellularity with large eosinophilic capillary deposits (B, arrow), which 
correspond to subendothelial immune complexes (D, arrow). Lesions in the 
backcrossed mice are less severe, with mesangial immune complexes at 7 
months (H, arrow) and larger subendothelial complexes at 12.5 months (L, 
arrow). 
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Table 1. Autoantibodies in Ro~ f ~, Ro +, ~ t and wild-type mice 

No. of mice with autoantibodies 

Age. months Ro-'~ Ro+'~ Wild type 

129/Sv x C57BL/6 hybrid mice (ANA 2:1:1,000) 
6-7 5/6(83%) ND ND 

12-14 18/22(82%) ND 1/17(6%) 

After three backcrosses to C57BL/6 (ANA & 1:1 25) 
9 17/25(68%) 10/26(38%) 2/24(8%) 

ANA, a nti -nuclear antibody; ND, not done. 

complexes (Fig. 2D). Deposits initially were seen predomi- 
nantly in the glomerular mesangium (Fig. 2H) but, with 
increasing age, became larger and extended into the suben- 
dothelial region (Fig. 2L). These lesions were not as severe in 
the backcrossed mice as they were in the original, mixed 
background Ro~ f ~ mice, suggesting the presence of modifier 
loci in the C57BL/6 background. Heterozygotes showed es- 
sentially normal histology by light microscopy, but those mice 
that developed antibodies, (see below) demonstrated mild 
lesions characterized by the presence of small, electron-dense 
deposits by electron microscopy. 

Anti-Chromatin and Anti-Ribosome Antibodies in Ro~'~ Mice and 
Heterozygotes. To confirm the presence of autoantibodies, sera 
from the mice were analyzed by performing indirect immuno- 
fluorescence on NIH 3T3 cells. Autoantibodies (antinuclear 
and/or anticytoplasmic) with titers of at least 1:1,000 were 
detectable by 6 months of age in five of six (83%) Ro~ ( ~ mice 
from the original hybrid strain (Table 1; also see Fig. 3 A-D). 
After three backcrosses to C57/BL6 mice, antibodies remained 
detectable in the majority of Ro~ l ~ mice (68%; 17 of 25). 
Autoantibodies also were detected in 10 of 26 (38%) Ro+'~ 
heterozygotes but only 2 of 24 (8%) wild-type mice (Table 1). 
Although these antibodies tended to be of lower titer, between 
1:125 and 1:500, high-titer antibodies (^1:1,000) were detected 
in 7 of 25 (28%) backcrossed Ro' 1 ' mice and 5 of 26 (19%) 
Ro +/ ~ heterozygotes but were not detected in wild-type mice. 
Western blotting of mouse whole-cell extracts revealed that 
many sera detected a prominent doublet of 30 kDa and a second 
band of «*16 kDa (Fig. 3£, lanes 3-6). Purification of these 
antigens, followed by protein microsequencing, revealed that 
they were his tones HI and H2b. Consistent with a prominent 
anti-chromatin response, characterization of the sera by 
ELISA revealed that many sera contained antibodies against 
nucleosomes, single-stranded DNA, and double-stranded DNA 
(Table -2). 

To characterize further the targeted antigens, sera were used 
to immunoprecipitale from mouse whole-cell extracts, and the 
RNAs within the immunoprecipitates were labeled at the 3' 
end. This assay detects many RNA-containing lupus antigens, 
including Sm, Ro, La, tRN A/ synthetase complexes, and ribo- 
somes (22). Although none of the mice contained detectable 
anti-Sm, anti-Ro, anti-La, or anti-tRNA/synthetase antibod- 
ies, a large fraction of the/to"*' - mice contained anli-ribosome 
antibodies, because both 5S and 5.8S rRNAs were contained 
within the immunoprecipitates (Fig. 3F, lanes 13-15). In 
addition, one mouse had antibodies directed against the Ul 
small nuclear RNP (snRNP; Fig. 3F, lane 9, asterisk), a 
common lupus antigen (1). For the original hybrid strain, 
anti-ribosome antibodies were detected in 50% of Ro~*~ mice 
older than 6 months (Table 2). This was also a major specificity 
in sera from the backcrossed mice, as 43% of Ro~'~ mice 
possessed these antibodies (Table 2). The majority of sera 
positive for anti-ribosome antibodies detected a doublet 
migrating below the hislone Hi band (Fig. 3£Jane 3, asterisk). 



A # B 




2 3 4 5 6 7 8 9 1011 12131415 



Fig. 3. Autoantibodies in Ro mutant mice. NIH 3T3 celb were stained with sera 
(diluted 1:1.000) from 6- to 7-monthold fto - ' - mice (A-Q and a 12-month-old 
wild-type mouse (D). (£) Reference sera (lanes 1 and 2) and sera from /to~ y ~ mice 
were used to probe Western blots of LI 21 0 cell extracts. \ Doublet detected by 
most sera containing anti-ribosomal antibodies. (O Reference sera (lanes 2-4) 
and sera from 129/Sv >' C57BL/6 hybrid mice were used to immunopredpitate 
from LI 210 cell extracts. RNAs in i m m unopreci pttates were labeled with pPlpCp. 
\ Band identified as Ul RNA by cONA sequencing. 



Fractionation of cell extracts revealed that the doublet was 
found in the pellet after sedimentation at 100,000 X g for 1 h. 
consistent with a ribosomal protein (data not shown). None 
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Table 2. Subclassif ication of autoantibodies in /?o _/ ~ and 
wild-type mice 



No. of mice with autoantibodies 





(129/Sv >: 


C57BI/6) 


C57BL/6 backcross 






Wild type 


/?o-'- 


Wild type 


Ro+'- Ro->- 


Antigen 


(n = 18) 


(n = 18) 


(n = 19) 


(n = 23) (n 


= 23) 


H'rstones 


0 


10 


0 


1 


9 


Ribosomes 


1 


9 


0 


3 


10 


Sm 


0 


0 


0 


0 


0 


U1 snRNP 


0 


1 


0 


0 


0 


Ro 


0 


0 


0 


0 


0 


La 


0 


0 


0 


0 


0 


dsDNA 


2 


9 


0 


3 


6 


ssDNA 


2 


6 


1 


3 


5 


Nucleosomes 


2 


10 


1 


8 


6 



snRNP, small nudear RNP; dsDNA, double-stranded DMA; ssDNA, single- 
stranded DNA. 




J/m2 UVB J/m2 UVB 



Fig. 4. Ro~'~ mice are more sensitive to UVB irradiation. (A) After six 
backcrosses to C57BL/6 mice, the backs of wild-type (n = 8) and Ro~'- (n = 6) 
mice were shaved and exposed to the indicated doses of UVB. After 24 h, 
apoptotk keratinocytes (sunburn cells) were counted, (fl) The backs of mice 
from the original hybrid 129/Sv x C57BL/6 strain were shaved and exposed 
to UVB, and apoptotk keratinocytes were counted. For the 1,000-J/m 2 dose, 
14 wild-type and 13 Ro~*~ mice were examined. 



of the anti-ribosome antibodies recognized the ribosomal P 
proteins, which are common autoantigens in lupus patients 
(Fig. 3£, lane 1; ref. 1). 

Evaluation of T and B Cell Populations and Function. T and B cell 
surface markers were evaluated in Ro' 1 ' and wild-type mice by 
flow cytometric analysis. No obvious changes were found in 
mature T cell markers (CD4/CD8 ratios) or in the most imma- 
ture (Tcell antigen receptor-negative CD25/CD44 populations) 
cells in the thymus. Likewise in the bone marrow, B cell 
development appeared normal (using CD43/CD45R and IgM 
markers). Lymph node and spleen populations did not reveal 
differences in T and B cell activation status (using CD69 and 
CD25 markers). To determine whether Ro~'~ mice respond 
abnormally to challenge with protein antigens, animals were 
immunized with the T cell-dependent antigen keyhole limpet 
hemocyanin. No significant differences in T cell proliferation, 
cytokine production, or anti-keyhole limpet hemocyanin anti- 
body production were detected. However, total Ig levels in 
unimmunized 8-week-old Ro~ f ~ mice were elevated slightly 
(1.4-fold). Among the Ig isotypes, increases were found in IgM 
(1.5-fold in the Ro- 1 ' mice) and IgG2a (3-fold in/?o +/ ~ mice and 
3- to 29-fold in Ro~ H mice) (data not shown). 

Sensitivity of Ro~ l ~ Mice to 0V Irradiation. Because a prokaryotic 
orthologue of the Ro protein is important for survival of the 
eubacterium D. radiodurans after UV irradiation (12), we ex- 
amined the sensitivity olRo~ l " mice to UV light. The backs of 
wild-type and Ro~ } ~ mice were shaved and the dorsal skin was 
exposed to UVB light at the physiologically relevant doses of 500 
and 1,000 J/m 2 . Twenty-four hours later, histological sections 
were prepared. For mice that had been backcrossed six times to 
C57BL/6 mice, the number of apoptotic keratinocytes (sunburn 
cells) in the Ro~ f - mice after 1,000 J/m 2 UVB light was twice 
that of wild-type littermates (P = 0.02; Fig. 4A). Examination of 
mice from the original (129/Sv X C57BL/6) hybrid strain 
revealed that both wild -type and Ro~'~ mice were less sensitive 
to irradiation than the backcrossed mice (Fig. AE). However, 
although Ro' 1 " mice from the original hybrid strain also had 
higher numbers of apoptotic keratinocytes than did wild- type 
controls (Fig. 45). the difference was not statistically significant 
(/> = 0.08). Nonetheless, in at least one genetic background, the 
absence of the Ro protein results in significant photosensitivity, 
although modifier loci also may contribute. 

Discussion 

Although small RNA-prolein complexes are major autoantigens 
in patients suffering from systemic lupus erythematosus, there 



have been few links between the RNP antigens and the disease 
pathology. We have shown that mice lacking the Ro 60-kDa 
autoantigen develop a lupus-like syndrome consisting of anti- 
ribosome and anti-chromatin antibodies, glomerulonephritis 
with subendothelial immune deposits, and photosensitivity. 
Thus, the Ro autoantigen may not be simply a passive target in 
the lupus immune response but, instead, may be important for 
the prevention of autoimmune disease. 

Although a number of gene disruptions result in at least some 
degree of autoimmunity (28), our work is unique in several ways. 
First, we report that disruption of an RNA-binding protein can 
result in autoimmunity. Second, although photosensitivity oc- 
curs in a significant fraction of lupus patients, our backcrossed 
mice are unusual in displaying both autoimmune disease and 
sensitivity to sunlight. Although the observed difference is only 
2-fold, similar changes in cell survival after UV are seen in cells 
from patients with the XP-E, XP-F, and XP-V forms of xero- 
derma pigmentosum, hereditary syndromes in which patients are 
predisposed to sunlight- induced skin cancers (29, 30). Last, our 
finding that mice lacking a major lupus autoantigen develop 
autoimmune disease raises the possibility that the anti-Ro 
antibodies seen in patients may not be an epiphenomenon but, 
instead, may contribute to the development or perpetuation of 
the autoimmune response and/or the observed photosensitivity. 

How might the absence of an "intracellular RNA-binding 
protein result in autoimmunity? Because the Ro protein binds 
misfolded, defective pre-5S rRNAs in X. laevis oocytes, it has 
been proposed to function in a quality-control pathway for 
ribosome biogenesis (6, 13, 15). Thus, one possibility is that the 
release of intracellular contents from Ro~ H cells that occurs 
normally during cell turnover triggers the autoimmune response. 
In this model, the presence of a small fraction of ribosomes 
containing subtle structural alterations resulting from the pres- 
ence of misfolded 5S rRNAs causes a breach of tolerance by 
exposing normally cryptic determinants to the immune system. 
In support of this hypothesis, it often has been proposed that 
autoimmunity can be triggered by presentation of cryptic 
epitopes (31, 32). Such a mechanism would be reminiscent of the 
lupus-like syndromes that develop in mice lacking components 
of pathways involved in clearing extracellular debris, in that 
failure to remove cellular detritus triggers an autoimmune 
response (33-36). Alternatively, it remains possible that the 
absence of the Ro protein results in a subtle defect in immune 
system function that we have not yet uncovered. 

In lupus patients, photosensitivity occurs in up to 90% of 
patients with anti-Ro autoantibodies (2). Moreover, maternal 
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anti-Ro antibodies that cross the placenta are highly associated 
with photosensitive skin lesions in infants. Because the disap- 
pearance of the skin lesions coincides with the loss of maternal 
antibodies from the circulation, it has been assumed that the 
antibodies play a direct role in the pathogenic process (37, 38). 
Our result that the absence of the Ro protein in one genetic 
background is associated with photosensitivity suggests that the 
photosensitivity long observed in patients could be related to a 
loss of Ro protein function in keratinocytes. However, although 
there are many reports that antibodies can enter cells (39-44), 
it is unlikely that they access the cytosol in quantities sufficient 
to ablate function of abundant target molecules (45). Nonethe- 
less, inefficient entry of anti-Ro antibodies into a small fraction 
of patient keratinocytes potentially could enhance the sensitivity 
of these cells to sunlight, resulting in increased apoptotic cell 
death. 
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In summary, our genetic experiments have uncovered a 
new and surprising way in which the lack of an RNA-binding 
protein leads to an immune response to specific components 
of the subcellular machinery. Moreover, our experiments 
reveal that the Ro 60-kDa protein plays a critical role in the 
prevention of autoimmunity, possibly by removing defective 
RNPs from cells, allowing them to escape immune surveil- 
lance. In this regard, it is interesting that the human Ro protein 
maps to chromosome lq31 (46). which has been linked to lupus 
(47-49). 
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ICA69 Nonobese Diabetic Mice Develop Diabetes, but Resist 
Disease Acceleration by Cyclophosphamide 1 

Shawn Winer, 2 * Igor Astsaturov, 2 * Roger Gaedigk, 2 * Denise Hammond-McKibben,* 
Marc Pilon,* Aihua Song,* Violetta Kubiak,* Wolfram Karges,* Enrico Arpaia,* 
Colin McKerlie^ Peter Zucker,* Bhagirath Singh,* and H.-Michael Dosch 3 * 

ICA69 (islet cell Ag 69 kDa) is a diabetes-associated autoantigen with high expression levels in p cells and brain* Its function is 
unknown, but knockout of its Caenorliabditis elegans homologue, ric-I9, compromised neurotransmission. We disrupted the 
murine gene, ica-1, In 129-strain mice . These animals aged normally, b at speed-congenk ICA69""" nonobese diabetic (NOD) mice 
developed mid-life lethality, reminiscent of NOD-specific, late lethal seizures in glutamic acid decarboxylase 65-deficient mice. In 
contrast to wild-type and heterozygous animals, ICA69 nH " NOD congenics fail to generate, even after immunization, cross-reactive 
T cells that recognize the dominant Tep69 epitope in ICA69, and its environmental mimicry Ag, the ABBOS epitope in BSA. This 
antigenic mimicry is thus driven by the endogenous self Ag, and not initiated by the environmental mimic Insulitk, spontaneous, 
and adoptively transferred diabetes develop normally in ICA69 oun NOD congenics. Like glutamic acid decarboxylase 65, ICA69 
is not an obligate autoantigen in diabetes. Unexpectedly, ICA69 no11 NOD mice were resistant to cyclophosphamide (C\>acccler- 
ated diabetes. Transplantation experiments with hemopoietic and islet tissue linked CY resistance to ICA69 deficiency in islets. 
CY-accelerated diabetes involves not only ablation of lymphoid cells, but ICA69-dependent drug toxicity In p cells that boosts 
autoreactivity In the regenerating lymphoid system. The Journal of Immunology, 2002, 168: 475-482. 



Type I diabetes (T1D) 4 is the consequence of chronic pro- 
gressive autoimmunity that targets pancreatic islets of 
Langerhans, selectively eliminating insulin-producing fi 
cells. Causes that underlie the development of diabetic autoimmu- 
nity remain obscure. Products of some 20 + predisposing genes 
interact with critical environmental accelerators and decelerators 
to generate the autoimmune phenotype (1). 

Clinical insulin deficiency and its attendant metabolic abnor- 
malities are the end result of a drawn-out prediabetes phase, in 
which autoreactive T cell pools accumulate in the islet Prediabetes 
proceeds in a stepwise fashion (2, 3), from benign periinsulitis to 
islet invasion and progressively rising rates of p cell death, as 
signaled by the generation of autoantibodies (4, 5). Because of the 
difficulty of tissue access in humans, much of the current view of 
autoimmune diabetes derives from the excellent rodent models for 
the disease, BB rats and nonobese diabetic (NOD) mice (6, 7). 
However, many years of prediabetes are a reality of the human 
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disease, in which B and T cell autoimmunity arise many years 
before and can persist for decades after onset of overt disease (see 
Refs. 8-10). 

A similar set of autoantigens is targeted by self-reactive T cells 
in human and murine diabetes, including insulin/pioinsulin, glu- 
tamic acid decarboxylase 65 (GAD65), GAD67, ICA69 (islet cell 
Ag 69 kDa), and lA-2/phogrin (1, 7). Of these, only insulin is 
(nearly) p cell specific, while others follow generally neuroendo- 
crine gene expression profiles. In NOD mice, immunotherapies 
with any one of these autoantigens can halt, and in some circum- 
stances accelerate development of overt diabetes, depending on the 
choice of epitopes and the timing of interventions early or tater in 
prediabetes (11-17). 

While there may be a hierarchy among autoimmune targets, in 
particular early on (18), established prediabetes involves multiple 
T cell pools that home to the islet, targeting more self epitopes with 
increasing effectiveness ( 19-21). The progression of prediabetes is 
complex and passes through checkpoints that halt progression for 
some periods of time (2). A single dose of cyclophosphamide 
(CY), an alkylating cancer pro-drug (22), overcomes these check- 
points and allows rapid diabetes development in a process that is 
dominated by the local activation of myeloid APCs and their cy- 
tokine products (3). In this commonly used diabetes model, CY 
was suggested to remove regulatory hemopoietic cells (23, 24), in 
a host whose lymphoid cell lineages are relatively resistant to the 
drug and able to mount a dramatic recovery of lymphoid mass 
quickly after drug exposure (25). Data presented in this work sug- 
gest that the drug's role in diabetes development is more complex 
and critically depends on direct islet cell toxicity in a process that 
appears to require the function of ICA69. 

To explore the role of self Ag in prediabetes and its progression 
to overt disease, we disrupted the genomic locus of the autoanti- 
gen, ICA69 (14, 26, 27). and backcrossed the defect onto NOD, 
using a speed-congenic strategy (28). The conserved ICA69 gene. 
\ca~l, maps lo human chromosome 7p22 and a synlhenic location 
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on mouse chromosome 6A1, 2, neither location mapping near 
known diabetes risk loci (27, 29). The molecule has a neuroendo- 
crine expression pattern with peak levels in brain and j3 cell lines 
(30). Its function is unknown, but we found that Caenorhabditis 
elegans deficient for the well-conserved ICA69 homologue, ric- 
19, develops a neurotransmission defect (31). 

The protein includes a single, dominant T cell epitope, Tep69 
(major T cell epitope in ICA69), targeted by autoreactive T cells in 
both human and NOD mouse T1D (26). There is well-established 
antigenic mimicry between this epitope and the ABBOS epitope 
in the commonly encountered, dietary Ag, BSA (14). Because 
ABBOS is a highly dominant BSA epitope in NOD mice, it 
appeared possible that 1CA69 autotmrnunity might be triggered 
through mimicry with BSA/ABBOS (10, 14, 32), encountered 
through exposure to dietary cow milk protein, a risk factor for 
diabetes development (35-36). Observations in ICA69™ 111 NOD 
congenics now indicate that the routinely generated Tep69/ 
ABBOS mimicry T eel! pools require and are driven by the 
endogenous self Ag, which also dictates the apparent dominance 
for ABBOS in BSA immune responses of wild-type NOD mice. 

The 129SW mice with 1CA69 deficiency had no obvious phe- 
notype and aged normally. However, speed-congenic ICA69 nu!I 
NOD mice develop sudden lethality beginning in early middle age, 
reminiscent of GAD65 deficiency that produces mid-life lethal sei- 
zures only on the NOD background (37). ICA69"" 11 NOD female 
congenics develop diabetes at essentially wild-type NOD inci- 
dence. Like GAD65 (38), ICA69 emerges as a facultative, but not 
obligate element in diabetes progression. Surprisingly, and chal- 
lenging current views, ICA69 nu11 mice were highly resistant to CY- 
accelerated diabetes due to a previously unrecognized drug effect 
on islets, which appears to require the function of ICA69. 

Materials and Methods 

Animals 

NOD/Lt (H-2 g7 ) mice were bred in our rodent facility according to ap- 
proved facility guidelines and protocols. Experiments were performed in 
our conventional unit, which presently has an 83-86% diabetes incidence 
in 36-wk-old female mice. 

Adoptive transfer 

Spleen cells from three to five recently diabetic NOD females were pooled, 
and 10 7 cells were transferred Lv. to 6- to 8-wk-oId, irradiated NOD male 
(650 rad) or NOD-scwf (200 rad) recipients. In ail experiments, glucosuria 
(TesTape, Lilly, Toronto) was used for daily diabetes screens. Diabetes 
was confirmed through blood glucose measurements on 2 consecutive days 
(13.8 mM/L, SureStep; Life Technologies, Burnaby, British Columbia, 
Canada). 

CY-accelerated diabetes 

To induce accelerated diabetes development, 8- to 10-wk-old wild-type, 
heterozygous or homozygous ICA69 knockout females received one i.p. 
injection of 250 mg/kg CY (Sigma, St. Louis, MO). In some experiments, 
14-wk-old animals were used, or a second injection was given 3 wk later. 

Pancreatic islet transplantation 

Islets were isolated from pancreata of 4- to 5-wk-old wild-type NODs by 
standard digestion and manual picking procedures (39). The grafts were 
placed under the kidney capsule of anesthetized, 8-wk-old ICA69 m,u NOD 
females. Sixteen days later, the recipients were treated with 250 mgAg CY, 
and diabetes development was monitored for at least 4 wk. Sliam- operated 
and nontransplanted wild-type NOD and ICA69"" 11 mice provided controls. 

Generation oflCAOP"" mice 

The ICA69 locus occupies approximately 100 kb on mouse chromosome 6 
{27. 29). A murine 129SvJ genomic library (gifl of T. Mak, Toronio, Can- 
ada} was screened with a full-length JCA69-« cDNA probe (26). A 2.7-kb 
clone containing exon 2 was excised with Bgf\ \ and subcloned into pBlue- 
script II-SK upstream of a herpes simplex thymidine kinase expression 



cassette. The aminoglycoside phospliotransferase (tko) gene was excised 
from the pPNT vector and ligated into a Snd site at position 107 of exon 
2, thus dismpting the coding region of the Tep69 epitope in ICA69 (27). 

The tetracycline transact ival or (tTA) coding region (40, 41) (gift of H. 
Bujard, Heidelberg, Germany) was moved in- frame into an Agcl restriction 
site at position 38 of exon 2 in ICA69 (see below, Fig. 1 ). This was thought 
lo allow future experiments, such as possible rescue of knockout pheno- 
types through doxycycline-regulatable expression of a tet07-ICA69 trans- 
gene (42). The function of the targeting vector, including the tTA knock-in, 
was confirmed in NIT-1 £ cells (43) with one allele replaced by the vector. 
Transient transfection of these cells with low copy numbers of a tet07- 
luciferase expression plasmid (40) (gifl of H. Bujard) resulted in excellent 
luciferase expression that was over 98% suppressed in the presence of 1 
doxycycline (Hammond- McKibben et al., manuscript in preparation). 

Targeting vector DNA was linearized with Notl and transfected into the 
Rl ES cell line, and multiple clones were selected in the presence of G4I8 
and gancyclovir (44). Double-resistant embryonic stem cell clones (19 of 
482 screened) were expanded for use in morula aggregations with fertilized 
NOD eggs (44), and chimeric male offspring were bred with NOD females. 
Transmission was analyzed by standard Southern blots (27). Offspring with 
germline transmission of the ICA69 nuU allele were backcrossed to NOD in 
a speed-congenic strategy (28). One founder repeatedly generated offspring 
with germline transmission of the null allele, and one of these ICA69 +/_ 
heterozygous offspring was homozygous for NOD variants of D6 Mit52 
and D6 MU339 on chromosome 6, suggesting a crossover event that re- 
placed a considerable stretch of 129SW strain chromosome 6 with NOD 
genomic DNA. This male was mated to wild-type NOD females (backcross 
generation 2). Several offspring from backcross 5 were homozygous NOD 
for all 17 Idd loci, according to microsatellite markers (28), The ICA69- 
deflcient mice analyzed in the present study were derived from backcross 7. 

Subcellular fractionation of mouse brain 

Mouse brain tissue was fractionated as described (31). Briefly, brains were 
homogenized in ice-cold, supplemented HBSS buffer. Nuclei and cell de- 
bris were removed, and supernatant (SI) was centrifuged at 13,000 X g for 
13 min. Supernatant was collected and spun at 100,000 X g for 30 min to 
yield S3 (the cytosol) and P3 (the microsomal pellet). The synaptosome 
fraction was washed with HBSS buffer and centrifuged at 13,000 X g for 
13 min. The pellet was lysed, buffered (10 mM HBSS, pH 7.4), and cen- 
trifuged at 45,000 x g for 20 min. The pellet (LP1) was resuspended in 
HKA buffer (lOmM HEPES-KOH, pH 7.4, 140 mM KoAC, 1 mM MgCl* 
0.1 mM EGTA, 0.3 mM PMSF), while the crude synaptic vesicles were 
pelleted by further centrifugal ion of the supernatant at 1 50,000 X g for 1 h, 
then resuspended in HKA buffer. All procedures were performed on ice. 

Western blots 

Rabbit anti-ICA69 (gifl from M. Pietropaoto, Pittsburgh, PA) was used at a 
final dilution of 1/7500 (30> Each subcellular fraction (40 /Ag) was separated 
on SDS pofyacrylamide gels and transferred to nitrocellulose. Peraxidase-con- 
j ligated goat anti-rabbit Ab (The Jackson Laboratory, Bangor, ME; 1/15,000) 
was used to delect bound primary Ab. Rabbit anti-VAMP-2 provided a marker 
of synaptic vesicles (gift from W. Trimble, The Hospital For Sick Children). 

Histology 

Tissues for histological sections were fixed in 10% neutral buffered For- 
malin and stained with H&E. The degree of instil it is was scored blindly by 
two observers, using the following scale: 0, normal islet; 1, periinsulitis; 2, 
invasive infiltration of 25%-50% of islet surface area; 3, invasive infiltra- 
tion of greater than 50% of islet surface area or a small retracted islet. 
Immunohistochemistry for insulin was performed on Formalin-fixed, par- 
affin-embedded tissue sections using guinea pig anti-insulin Ab and rabbit 
HRP-conjugated secondary Ab (Dako Diagnostics, Mississauga, Ontario, 
Canada), Reactions were visualized using diaminobenzidine peroxidase 
substrate, and sections were counterstained with hematoxylin. 

Proliferative T cell responses 

In vitro T cell proliferation was measured as described recently for immu- 
nized and nonimmunized NOD mice (16). Immunizations employed s.c. 
injection of a given Ag, 100 /ig emulsified in CFA. Regional lymph nodes 
were removed 9-10 days after immunization, and 4 X 10 5 cells/well were 
cultured in serum-free AIM V medium (Life Technologies) to measure 
recall responses to 0.01-100 jtM Ag. Afler 60 h, cultures were pulsed 
overnight with 1 /.(Ci ( 3 H]thymidine and subjected to scintillation counting. 
Spontaneous T cell proliferation in spleen cells from un immunized naive or 
adoptively transferred mice was similarly measured, except for the addition 
of 10 U human rlL-2 (45). Synthetic peptides were highly purified and 
confirmed by mass spectroscopy: Tep69, AFIKATGKKLDE, ABBOS, 
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FKADEKKFWGKYLYE. Grade V BSA and OVA were purchased from 
Sigma. Purified, mouse rICA69-)3 was prepared as described (26): rGAD65 
was purchased (Diamyd Diagnostics, Stockholm. Sweden). 

Statistics 

Numeric values were compared by Mann- Whitney or Welsh tests; signif- 
icance was set at 5%: and all tests were two tailed Tables were used to 
compare diabetes incidence in different groups of animals (Fisher's exact 
test); odds ratios were calculated with Woolf s approximation. 

Results 

Generation oflCA6T uU mice 

The targeting construct (Fig. I A) introduces a neomycin resistance 
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FIGURE 1. Development of ICA69 mUJ mice. A The ICA69 locus was 
genetically disrupted by insertion of ITA and neo genes into exon 2 of the 
ICA69 gene. The top diagram shows the targeting construct that targeted 
tlie ICA69 gene (bottom) and generated the knockout allele shown at the 
top of B. B, Southern blot of AlwI-restricted genomic DNA from 129vJ x 
NOD mice backcross 2. The knockout allele generates a shortened 32-kb 
exon 2 fragment C, Western blots of brain and salivary gland tissue ex- 
tracts (backcross 1 1 mice, left pane!) and fractionated brain protein from 
wild- type and homozygous ICA69 knockout mice (backcross 7) were 
probed with anti-lCA69 polyclonal Ab. A 23-kDa synaptic vesicle marker, 
VAMP2, is shown below. S 1 , post nuclear supernatant; P2, synaptosomes; 
S3, cytosol; P3, microsomes: LP1, plasma membrane; LP2, synaptic ves- 
icles. D, Luciferase activity (relative light units/fig protein) in different 
tissues from L7 (tet07-!uciferase transgenic) mice carrying a single ICA69 
knockouUtTA-knock-in allele from backcross 2 mice (open bars). Expres- 
sion patterns follow (Ik tissue expression of ICA69. L7 mice without the 
(TA transgenc express only background activities (filled bars, note the log- 
aril tunic scale). 



cassette to disrupt the Tep69 epitope in exon 2 of ICA69. and 
inserts the tTA coding region in-frame after the leading 9 ICA69 
aa residues, followed by poly(A) and stop sites. Homologous re- 
combination of this vector in its genomic target locale introduces 
an additional Xba\ site that produces a 3. 2-^^01 restriction frag- 
ment, while tlie corresponding wild-type fragment is 3.6 kb in 
length (Fig. \A). Homologous recombination of the targeting con- 
struct was confirmed in genomic DNA of progeny from several 
chimeric founders, using a 5 '-end probe and Xbal restriction (Fig. 
LB) and a neo probe and Hindlll restriction (not shown). Several 
litters of this generation of I29$vJ x NOD offspring were moni- 
tored for up to 26 mo, including 17 ICA69 mU1 animals derived 
from brother- sister matings. No spontaneous deaths or obvious 
abnormalities were observed 



1CA69 is expressed at low to very low levels in a variety of 
tissues, with its major expression locale in the brain, and highest 
levels found in 0 cell lines (30). Almost certainly reflecting post- 
translational modifications, Western blots resolve ICA69 as a dou- 
blet band of approximately 69 kDa, despite its calculated mass of 
55 kDa (30, 46). There was no detectable ICA69 in Western blots 
of brain and salivary gland extracts from backcross 7 (not shown) 
or backcross 1 1 mice (Fig. 1C, left panel), but there were occa- 
sional ghost bands in brain subcellular fractions (right panel). 
These bands were not consistent, and could be detected only with 
one rabbit Ab raised against a C-terminal peptide (46) (Fig. 1Q, 
but not with another rabbit Ab raised against a large, truncated 
ICA69 fragment (not shown). We were unable to obtain sufficient 
material for mass spectrography and sequencing studies of these 
ghost bands. As described below, the distinct phenotypes of these 
mice, results of extensive RT-PCR, Southern blot, and genomic 
PCR studies of the disrupted gene locus, and in particular the si- 
lencing of the natural 1CA69 promoter (see below) make a hypo- 
morphic phenotype with remnant gene expression of gene frag- 
ments from this locus unlikely. 

Heterozygous (ICA69 +/ ~) progeny from backcross 2 were 
mated with the L7 transgenic mouse that carries a tet07-luciferase 
transgene (40). Offspring carrying the L7 transgene as well as one 
ICA69 nuI VtTA + allele demonstrated high luciferase activity in 
brain (note the logarithmic scale), low levels in stomach and testes, 
and borderline levels in pancreas, in which 0 cells contribute 0.1% 
of total pancreas tissue (Fig. 1Z>). The latter observation is con- 
sistent with the fact that ICA69 expression in exocrine pancreas is 
at best minuscule (47). In mice receiving doxycycline ad libitum in 
drinking water (0.1 mg/ml), luciferase activity was suppressed to 
background levels (not shown). These observations provided an 
excellent readout of ICA69 promoter activity. 

However, similar experiments with mice from backcross 3 
showed a > 10-fold reduction in luciferase activity, and no activity 
at all could be detected in offspring from L7 matings with 
knockout animals from backcross 5 and 7. While Southern blots 
and genomic PCR gave expected results, transcripts of tTA 
could be demonstrated by RT-PCR of brain RNA in backcross 
2-derived, but not in animals from these latter experiments, 
indicating loss of ICA69 promoter activity. Transcriptional si- 
lencing is not rare among neuronal genes (48), and has been 
described for GAD65 (49). 

Autoantigen skews the specificity of autoreactive T cells 

Autoreactive T cells in wild-type NOD mice (like patients with 
T1D) recognize the dominant ICA69 epitope Tep69 (10, 26). 
These T cells show antigenic mimicry with tlie ABBOS epitope in 
BSA. and T cell hybridoma as well as alanine replacement studies 
indicated that these mimicry T cells represent Ihe bulk of 1CA69- 
specific NOD repertoires (16). 1CA69 ,U '" NOD congenics allowed 
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us to determine the role of endogenous self Ag in the development 
of these self-reactive T cell pools. Immunization with BSA had 
divergent consequences in heterozygous and homozygous ICA69 
knockout mice (Fig. 2A). Both lines of mice generated good and 
similar proliferative recall responses after a single BSA immuni- 
zation in complete adjuvant However, only heterozygous (47—) 
animals generated the coordinate ABBOS and Tep69 mimicry re- 
sponses typical for wild-type NODs (14, 16). In homozygous 
ICA69"" 11 NOD congenics, ABBOS was no longer a prominent 
epitope, despite the fact that it binds to NOD I-A s? with high 
affinity (16). Only some low affinity ABBOS responses were ob- 
served at a very high peptide dose. No mimicry responses to Tep69 
were seen in BSA-immunized ICA69" uU animals. Thus, the en- 
dogenous self Ag is required for the recruitment of precursor T cell 
pools that recognize both Tep69 and ABBOS, and the presence of 
these T cell pools is responsible for the strong immunodommance 
(14) of the ABBOS epitope in BSA. 

Endogenous self Ag (and not dietary ABBOS) was also critical 
for the maintenance of these autoreactive mimicry T cell pools. 
Thus, when knockout mice were adoptively transferred with 
splenocytes from diabetic wild-type NODs, Tep69/ABBOS-spe- 
cific T lymphocytes were specifically lost (Fig. 25, filled bars), 
while other islet-reactive T cells, such as GAD65-specific pools, 
were maintained. Consistent with this critical role of the endoge- 
nous self Ag, Tep69/ABBOS-specific T cells were maintained in 
heterozygous ICA69 + '~ mice adoptively transferred with the same 
wild-type splenocyte grafts (Fig. 25, open bars). 

ICA6!r u " NOD mice develop diabetes 

Autoimmunity to ICA69 is a routine element of prediabetes and of 
diabetes in wild-type NOD mice and humans (10, 14, 16). Spon- 
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FIGURE 2. In vilro proliferative recall responses. A t Homo- and het- 
erozygous knockout NOD congenics were immunized sx. once with BSA 
emulsified in CFA. and in vitro lymph node responses to BSA. ABBOS. 
and Tep69 were elicited 10 days later. B, In vitro proliferative response of 
wild- type, diabetic spleen cells 14 days after transfer to irradiated 
ICA69 - ' - (filled columns) or 1CA69*" - recipients (open columns). 



taneously diabetic knockout females were observed beginning by 
wk 20. —4 wk later than in wild-type or heterozygous animals 
(Fig. 3A). This difference was not quite significant {p — 0.058). 
The consecutive disease development in knockout mice paralleled 
that in heterozygous and wild-type NOD females (p > 0.3). There 
was a tendency for slightly less or slower development of invasive 
insulitis (Fig. 3£), but this again failed to reach significance. Thus, 
ICA69 appears to be a facultative, but not obligate element in 
NOD diabetes development 

This conclusion is somewhat tempered by the unexpected ob- 
servation of spontaneous lethality in middle-aged NOD female 
congenics at 4-5 mo of age (Fig. 3Q. A subset of these animals 
died suddenly without prodromal symptoms. These animals had no 
significant histopathology, except for insulitis commensurate with 
prediabetes progression and a severed tongue in one animal. This 
phenotype is reminiscent of GAD65 deficiency, which leads to 
lethal mid-life seizures on the NOD background (37). Neurophar- 
macological studies have to date failed to unmask a consistent 
abnormality in the CNS electrophysiology of ICA69™ 111 mice. In 
our assessment of the spontaneous diabetes incidence in ICA69"" 11 
mice, we removed the prematurely dead animals from calculation. 
The implicit assumption that these animals would have developed 
diabetes at the same rate as survivors is based on the presence of 
invasive insulitis. 

Adoptive transfer of diabetes 

Accelerated models of diabetes such as adoptive transfer of dia- 
betic spleen cells circumvent natural checkpoints in prediabetes 
progression (50). We asked whether the slight delay in spontane- 
ous diabetes development would be amplified or eliminated fol- 
lowing adoptive transfer of wild-type diabetic spleen cells into 
irradiated knockout recipients. The latter was observed: transferred 
animals developed disease at the same rate and incidence as het- 
erozygous littermates or wild-type controls (Fig. 3D), unhindered 
by the fact that the knockout mice lost ICA69-specific T cells 
during disease development (see above, Fig. 2J3), and lacked this 
target autoantigen. 

Acceleration of diabetes with CY 

In striking contrast to wild-type and heterozygous animals, injec- 
tion of CY (250 mg/kg) failed to induce accelerated diabetes in 
ICA69 nuI! mice (Fig. 4). Heterozygous littermates began to de- 
velop overt disease by 10-1 1 days post-CY, reaching a high dis- 
ease incidence by 3 wk (p < 0.0001, odds ratio 27.4 vs knockout 
(Fig. 4A) t p > 0.3 vs wild-type mice, not shown). ICA69 protein 
is not expressed in hemopoietic cells (30) (see Fig. ID for spleno- 
cytes). Consistently, there was no detectable effect of ICA69 de- 
ficiency in this tissue, with homozygous, heterozygous NOD as 
well as 129 mice showing the same acute drug-induced fall in 
spleen weight and cellularity. CY metabolism with generation of, 
and response to the major toxic intermediates (22) was thus similar 
in these animals (p > 0.3, data not shown). 

Curiously, there was only a slight, nonsignificant difference in 
insulitis severity of CY-treated homozygous and heterozygous an- 
imals (Fig. AB, p = 0.2), suggesting that effector functions in the 
islet infiltrate of knockout mice lacked the competence to mediate 
]3 cell death. This incompetence was not due to a general delay of 
prediabetes, since ICA69 nul1 NOD mice 14 wk of age, and thus 
close to the time of overt spontaneous diabetes development, were 
still protected from CY- induced disease (Fig. 4C). These older 
animals ultimately did develop diabetes, beginning in wk 20 with 
the incidence rising at wild-type rates {see Fig. 3A). The resistance 
to CY-accelerated diabetes in knockout mice was not absolute, 
since a second CY injection caused diabetes in nearly half of the 
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FIGURE 3. Diabetes development and 
survival of ICA69 nuU NOD mice. A, Sponta- 
neous diabetes development: *, a proportion 
of ICA69 m,n mice died prematurely (see Q 
and were removed from the calculation of 
disease incidence, 5, Insulitis in untreated 
ICA69*'" or ICA69"'" female congenics 
(seven animals/group) at 10 wk of age. C, 
Mid-life lethality of ICA69 auU NOD females 
without prodromal disease symptoms or di- 
agnostic histopathology. D t Wild-type diabe- 
tes development in irradiated ICA69~'~, 
ICA69 + '~, or wild-type NOD mice adop- 
tively transferred with spleen cells from dia- 
betic wild-type donors. 
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homozygous mice (5 of 1 1), compared with 12 of 13 heterozygous 
animals (Fig. 4D, p = 0.02). 

CY -accelerated diabetes has been associated with the selective 
elimination of regulatory T cells and/or with the induction of a 
massive wave of T cell regeneration that would coexpand diabe- 
togenic pools (23, 24, 51). We more closely examined the CY 
responses of knockout hemopoietic cells. NOD.jch/ mice were 
pretreated with CY 2 days before adoptive transfer of spleen cells 
from 12-wk-old nondiabetic wild-type mice; diabetes did not de- 
velop within the observation period (Fig. 4£, CY~*Tx). This con- 
firmed the critical role of acute, drug-induced toxicity in lymphoid 
cells. 

However, when NOD-rc/rf mice were reconstituted with 10 7 
spleen cells from 8-wk-old homozygous knockout mice, from het- 
erozygous littermates, or wild-type NOD controls, 1 mo before CY 



treatment (Fig. 4£, Tx-*CY), these transplanted NOD. sdd animals 
developed CY-accelerated diabetes at the same rates and incidence 
(p > 0.5). This observation demonstrated that hemopoietic cells 
were not involved in the CY resistance of knockout mice. Collec- 
tively, these two observations delineated two drug targets prereq- 
uisite for diabetes development, one in hemopoietic and one in 
nonhemopoietic tissue. 

Since the islet is one target tissue of CY toxicity (52), we asked 
whether the nonhemopoietic tissue required for disease accelera- 
tion by CY might be the islet itself. We therefore provided 
ICA69 mU1 mice with a source of wild-type islets in small, subrenal 
islet grafts. Sixteen days later, the engrafted mice were injected 
with CY as before (Fig. 5 A). The presence of wild-type islets re- 
versed the resistance to CY-accelerated diabetes in ICA69™ 11 
mice, and allowed diabetes development in engrafted knockout 
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FIGURE 4. ICA69"'- NOD mice resist CY-ac- 
cele rated diabetes. A t Diabetes incidence in CY- 
treated hetero- and homozygous knockout mice aged 
8-10 wk. B, Insulitis score in CY-treated, nondiabetic 
ICA69 +/ - (n = 5) and ICA69"'- mice (n = 8) 35 
days after drug treatment. The number of nonadjacent 
islets counted (n) is indicated at the bottom. See Ma- 
terials and Methods for scoring scale. About one-half 
of heterozygote islets and only slightly fewer ho- 
mozygote islets (p = 0.2) had severe, grade 2 and 3 
insulitis. C, Diabetes incidence in CY-trealed hetero- 
and homozygous knockout mice aged 14 wk. D, Dual 
injections of CY on day 0 and 20 in ICA69~'~ and 
ICA69 +/ ~ animals. £, Diabetes development in 
WD.scid mice reconstituted with 10 7 ICA69"-'", 
ICA69*' - , or wild- type spleen cells 1 mo before 
(Tx-*CY) or 2 days alter (O'—TY) CY treatment. 
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FIGURE 5. Transplantation of wild-type islets reverses CY resistance 
in \CA69 nttD mice. A, Incidence of CY-accelerated diabetes in sham-oper- 
ated, wild-type mice (O); sham- or nontransplanted ICA69 W ~ NOD fe- 
males (□); or 1CA69"* 1 females with wild-type islet grafts <Tx) under the 
kidney capsule, transplanted 16 days before CY (•). B-E, Immunohisto- 
chemical analysis of transplanted or pancreatic islets (X 100, insulin stained 
in brown, counterstained with hematoxylin). B, Wild-type islet graft under 
the kidney capsule with massive inflarnmatory infiltrate (arrow) and absent 
insulin staining. C, Destroyed pancreatic islet of the same diabetic animal. 
D, Infiltration, but survival of insulin-producing cells in renal wild-type 
islet grafts (arrows) from a CY-treated, nondiabetic }CA69^ mouse. E, 
Infiltration, but survival of insulin-producing cells (arrow) in a pancreatic 
islet from the same animal. 



animals (p > 0.3, knockout-operated vs sham-operated wild-type 
NOD; p ~ 0.016, islet-engrafted vs sham-operated or nontrans- 
planted ICA69""" mice). These observations confirm and extend 
previous, indirect evidence for a duality of CY effects that accel- 
erate diabetes development (53). 

Histological examination of transplanted, CY -induced diabetic 
ICA69 nu " mice showed massive infiltration and complete disap- 
pearance of insulin-producing cells in the subrenal, wild-type islet 
grafts (Fig. SB). Endogenous (pancreatic) islets in these knockout 
mice were similarly infiltrated and depleted of insulin-producing 0 
cells (Fig. 5Q. Destruction of wild-type islet grafts was a prereq- 
uisite for the destruction of endogenous (knockout) islets in the 
pancreas: those ICA69 nu " mice that escaped CY-accelerated dia- 
betes showed less infiltration and intact insulin-producing cells in 
die wild-type islet grafts (Fig. 5D). The endogenous islets in these 
mice were heavily infiltrated, but retained a prominent compart- 
ment of insulin-producing /3 cells (Fig. 5£), suggesting that this 
infiltrate was incompetent to mediate 0 cell destruction. 

These observations suggest that the resistance of ICA69 nul1 mice 
to CY-acceleraied diabetes reflects a relative resistance to CY tox- 
icity in /3 cells, which require ICA69 for an apoptotic drug re- 
sponse (52). Consistently, CY resistance can be bypassed if a 
source of drug-sensitive islets is present somewhere in the body, 
suggesting a systemic effect that boosts T cell pools with patho- 



genic potential during the rapid recovery and expansion of lym- 
phoid cells after CY treatment. 

Discussion 

Deficiency of ICA69 generated several distinct phenotypes in 
NOD mice. It answered several core questions about the role of 
endogenous self Ag in disease-associated antigenic mimicry and 
the ability of the diabetic autoimmune process to shape disease- 
relevant T cell pools. The unexpected resistance to CY-accelerated 
diabetes allowed a revaluation of its mechanistic basis in vivo. 
There is previous evidence for acute, CY -mediated islet toxicity 
that peaks within a day of drug injection and removes a substantial 
proportion of p cells (52). We have only begun mechanistic studies 
of how ICA69 might be involved in this process. 

The function of ICA69 remains unclear. The neurotransmission 
defect generated by knockout of its neuron-specific C elegaiis 
homologue, ric-I9 (31), requires further study, as does the mid-life 
lethality of ICA69"" 11 NOD mice. Current experiments suggest that 
possible abnormalities m neurotransmission of ICA69"" 11 mice will 
be subtle. However, we recently observed that NOD mice under- 
going the spontaneous NOD autoimmune encephalitis develop sei- 
zures with considerable incidence (45), and Kash et al. (37) pro- 
vided evidence for a rather strong modifier gene that predisposes 
NOD to seizures. Neurological similarities in GAD65 and ICA69 
knockout mice may place ICA69 into the GABAergic pathway of 
neurotransmission, consistent with its pre- and postsynaptic local- 
ization (e.g., see Fig. IQ. 

We were fortunate to identify a crossover event early in the 
backcrossing process, which replaced about two-thirds of the 129- 
derived chromosome 6 with NOD DNA. Nevertheless, a substan- 
tial stretch of 129-derived chromosome 6 remains. We had planned 
rescue experiments with a tet07-controlled ICA69 transgene, 
driven by the knock-in tTA transactivator. The silencing of the 
ICA69 promoter and consequent lack of tTA expression precluded 
this experiment, meant to rule out specific contributions of 129 
genes to the knockout phenotype. However, comparing the CY 
toxicity in 129 and NOD mice failed to delineate differences in 
acute drug toxicity in spleen as well as testes, a tissue targeted by 
the drug (54). Although theoretically possible, it is therefore un- 
likely that the observed CY resistance of knockout mice reflects an 
unidentified 129 gene near the ica-J locus. Nevertheless, whether 
CY resistance maps to ICA69 (likely) or a 129 gene (unlikely) is 
immaterial for the major conclusion of these experiments, i.e., that 
CY-accelerated diabetes involves direct drug toxicity to the islet. 

Several and similar T cell autoreactivities appear to participate 
in murine and human diabetogenesis (7, 10). Immunotherapy of 
NOD prediabetes with single autoantigens such as GAD65, 
GAD67, insulin, ICA69, IA-2, and others can each dramatically 
modify the disease course, provided that they are applied early in 
life, generally before the islet is breached (7). The exact mecha- 
nisms of effective immunotherapy are still elusive (for a discus- 
sion, see Ref 16), but these consistent observations assign impor- 
tant potential, but not necessarily obligate roles to each target Ag. 
Removal of one player through gene targeting, e.g., ICA69 or 
GAD65 (37, 38), is the most accurate way to measure the role of 
an individual autoantigen, and the data available support a model 
of many facultative, but not obligate autoantigens in the progres- 
sion to diabetes. 

An unresolved question in autoimmunity is whether autoanti- 
gens drive autoimmunity, or whether they are more passive ele- 
ments, perhaps victims of mimicry with exogenous proteins (55, 
56). At least in the case of 1CA69. the former appears to be correct. 
There is well-established mimicry between the major T cell 
epitopes in ICA69 (Tep69) and the commonly encountered BSA 
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(ABBOS) (10. 14. 16, 26 ; 32). T cell responses of wild-type NOD 
mice to BSA are extremely biased toward ABBOS reactivity. The 
same cells recognize Tep69 in NOD mice (16). and the same ap- 
pears to apply to diabetes-prone humans (10). We expected that 
this polarization solely reflected properties of MHC alleles, with a 
very high ABBOS-binding affinity for diabetes risk-associated hu- 
man and NOD MHC class 11(16). This turned out to be incorrect: 
ICA69 nu11 mice have entirely different BSA responses, in which 
ABBOS is at best a minor epitope, recognized by low affinity T 
cells that do not show mimicry with Tep69. Demonstrating anti- 
genic mimicry, therefore, does not per se imply a primary mech- 
anism for loss of tolerance. However, wild-type NOD mice reared 
on a diet tree of BSA also fail to generate mimicry T cell pools 
(57). The functional outcome of mimicry is thus affected by both 
endogenous and exogenous Ag. 

The resistance of ICA69™ 11 mice to CY-induced diabetes was 
unexpected and has since been reproduced in backcross 1 1 mice 
with 1CA69 deficiency. This resistance did not reflect a generalized 
resistance to 0 cell death or autoimmune attack, since ICA69 nuil 
mice develop diabetes spontaneously with wild-type incidence, 
and since alloxan treatment eliminates /3 cells just as in wild-type 
mice (unpublished observation). These observations, and the nor- 
mal, accelerated diabetes development in NOD*seu/ mice recon- 
stituted with spleen cells from either heterozygous or homozygous 
knockout donors suggested: 1) that CY-induced diabetes had to 
require effects in a second target tissue, and 2) that the resistance 
to diabetes acceleration in ICA69 nuU animals could not be attrib- 
uted solely to the hemopoietic cell compartment Islet transplant 
experiments strongly suggest that the second drug target is islet p 
cells themselves. 

If this is substantially correct, then the islet toxicity of CY is 
dependent on the presence of ICA69. We propose that direct islet 
toxicity provides a boost to pathogenic T cell pools, providing islet 
Ags during the rapid, post-CY regeneration. Injury to 0 cells has 
also been implicated as a requirement for virus-accelerated diabe- 
tes (58, 59). The earliest, CY-induced change previously reported 
is the rapid accumulation of monokines IL-12, TNF-a, and IL-18 
in the pancreas —2 days after drug treatment (3), 1 day after the 
peak of drug-induced fi cell death (52). While it may ultimately not 
be trivial to separate cause and effect, the most obvious scenario 
would be that CY-induced j3 eel! death attracts and activates pro- 
fessional APCs, which then engender pathogenic competence in 
preexisting T cell pools with islet autoreactivity. Our data demon- 
strate that without this event, T cells still home to the islet, but are 
incompetent to mediate /3 cell death. 

Overall, this process would then be analogous to the induction 
of NOD autoimmune thyroiditis following induction of thyroid 
cell death by high dose iodide treatment (60). It would differ from 
the effects of drugs such as streptozotocin, which kill p cells and 
cause diabetes in any strain, while CY-accelerated diabetes re- 
quires the NOD host with established autoimmune T cell reper- 
toires. Consistently, the provision of wild-type islet grafts under 
the kidney capsule was sufficient to reverse CY resistance in 
knockout mice, with rapid elimination of endogenous 0 cells in the 
pancreas and consequent diabetes. This outcome confirms that is- 
lets drive pathogenic, diabetic autoimmunity, as has been sug- 
gested for natural disease development (61). 

The exact function of 1CA69 remains unclear, but knockout 
mice will provide excellent tools for further study. Collectively, 
ICA69 knockout mice generated new insights into the role of a 
typical autoantigen targeted in autoimmune diabetes. The obser- 
vations make it unlikely that the exogenous ICA69 mimicry Ag, 
BSA, has a primary triggering role in the loss of tolerance to 
ICA69. Instead, the highly biased T cell repertoire of NOD mice 



immunized with BSA now emerges as a function of autoreactive 
mimicry T cells driven by the endogenous self Ag. The combina- 
tion of several autoantigen knockout mice should eventually allow 
a more complete dissection of diabetic autoimmunity. The long, 
drawn-out character of prediabetes remains a puzzle. The CY re- 
sistance in ICA69™* 11 mice sheds new light on this process, with a 
critical role for drug-induced /3 cell death, probably coupled to 
autoimmunity through the activation of local APCs. The heavy 
islet infiltration in CY-treated ICA69" 1111 mice vividly illustrates 
that the endowment of pathogenicity in infiltrating T cells is a 
critical progression event, which normally does not occur until 
very late in prediabetes. These observations favor the view that 
prediabetes progression is not a linear process of gradual )3 cell 
destruction (62), but rather a process that culminates late with mas- 
sive 0 cell destruction near disease onset (63). If correct and ap- 
plicable to the human disease, immunotherapy of prediabetes may 
be effective even late in prediabetes if it avoids precipitation of 
diabetes in an immune system precariously balanced between 
pathogenicity and nonpathogenicity. 
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Targeted Disruption of the Protein Tyrosine 
Phosphatase-Like Molecule IA-2 Results in Alterations 
in Glucose Tolerance Tests and Insulin Secretion 
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IA-2 is a major autoantigen in type 1 diabetes. Autoan- 
tibodies to IA-2 appear years before the development of 
clinical disease and are being widely used as predictive 
markers to identify individuals at risk for developing 
type 1 diabetes. IA-2 is an enzymatically inactive mem- 
ber of the transmembrane protein tyrosine phosphatase 
family and is an integral component of secretory gran- 
ules in neuroendocrine cells. To study its function, we 
generated IA-2 -deficient mice. Northern and Western 
blot analysis show ed that neither IA-2 mRNA nor pro- 
tein was expressed j Physical examination of the IA-2 ' 
animals and histological examination of tissues failed to 
reveal any abnormahtiesJ Nonfasting blood glucose lev- 
els, measured over 6 months, were slightly elevated in 
male IA-2 -/ ~ as compared to IA-2 +/+ littermates, but 
remained within the nondiabetic range. Glucose toler- 
ance tests, however, revealed statistically significant 
elevation of glucose in both male and female IA-2~ / ~ mice 
and depressed insulin release. In vitro glucose stimula- 
tion of isolated islets showed that male and female mice 
carrying the disrupted gene released 48% (JP < 0.001) 
and 42% CP < 0.01) less insulin, respectively, than mice 
carrying the wild-type gene. We concluded that IA-2 
is involved in glucose-stimulated insulin secretion. 
Diabetes 51:1842^1850, 2002 



IA-2 is a major autoantigen in type 1 diabetes (1,2). At 
the time of diagnosis, —70% of newly diagnosed 
patients have autoantibodies to IA-2. Because these 
autoantibodies appear months and years before the 
onset of clinical symptoms, they have become useful 
markers for identifying individuals who are at high risk for 
developing type 1 diabetes (3-7). Individuals with no 
clinical symptoms, but who have autoantibodies to IA-2 
and GAD, have an —50% risk of developing type 1 diabetes 
within 5 years and an even higher risk within 7-10 years. 
For these reasons, the measurement of autoantibodies to 
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recombinant IA-2 and GAD is being widely used to predict 
risk for type 1 diabetes (8,9). 

IA-2 is a 979-amino acid transmembrane protein. It has 
an extracellular, transmembrane, and intracellular domain 
consisting of 576, 24, and 379 amino acids, respectively (1). 
Autoantibodies to IA-2 are directed exclusively to the 
intracellular domain, primarily to the COOH-terminus and, 
to a somewhat lesser extent, to the juxtamembrane region 
(10-12). The gene encoding IA-2 is located on human 
chromosome 2q35. The coding region extends over —20 kb 
and consists of 23 exons (13). Exons 1-12 encode the 
extracellular domain; exon 13, the transmembrane do- 
main; and exons 14 through 23, the intracellular domain. A 
region extending —200 bp 5 '-upstream from the transla- 
tion start site and a region encompassing exon 1 and 
intron 1 have been shown to have strong promoter activity 
(R. Alam and AJL.N., unpublished data; 13). 

The function of IA-2 is not known. Based on sequence 
analysis, IA-2 belongs to a subgroup of the transmembrane 
protein tyrosine phosphatase (FTP) family. Homologs 
have been found in cows, rats, mice, macaca, zebrafish, 
Drosophilia, and Caenorhabditis elegans and show 99, 98, 
97, 73, 82, 58, and 46% identity, respectively, to human IA-2 
(14). IA-2 differs from other PTPs in that it is enzymatically 
inactive because of substitution of amino acids (Ala 
911->Asp and Asp 877 -> Ala) at conserved sites known to 
be critical for enzymatic activity (15). Electron micro- 
scopic studies and irnmunohistochemical studies have 
localized the IA-2 protein (also known as ICA512) to the 
secretory vesicles of neuroendocrine cells (16). 

The present study was initiated to determine the func- 
tion of IA-2 by targeted disruption of the mouse IA-2 gene. 
Mouse IA-2 is very similar to human IA-2. It is 981 amino 
acids in length, consists of 23 exons, and is located on 
mouse chromosome 1 (17). A targeting construct, in which 
the 5 '-upstream promoter region, exons 1-3 and introns 1, 
2, and most of 3, were replaced with a neomycin cassette, 
was used to transfect embryonic stem (ES) cells by 
homologous recombination, ES cells in which the IA-2 
construct had become integrated were injected into blas- 
tocysts, and the resulting chimeric animals and their 
offspring were bred and tested for evidence of homologous 
recombination and genn-line transmission. Here we de- 
scribe (he successful targeted disruption of the IA-2 gene 
in mice and provide a description of the resulting pheno- 
lype. 
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RESEARCH DESIGN AND METHODS 

Generation of IA-2-deficJent mice. A 129SvJ mouse genomic library 
(Stratagene, Cedar Creek, TX) was screened with a mouse 1A-2 cDNA probe. 
A 17-feb fragment of mouse IA-2 containing the coding sequence of exons 1-13 
was used to construct a targeting vector. A 3.5-kb SaH-EcoRl fragment 
upstream of the first exon was subcloned into pBluescript SK+ (Stratagene). 
From this plasm id, tl»e 5 '-segment was subcloned as a 3.5-kb KpnhBmnHl 
fragment into pPNT vector (18), resulting in pPNT-6'IA-2. Subsequently, a 
3.3-kb Xiwl-Xliol fragment containing exons 4-6 was subcloned into pPNT- 
51A-2 vector, resulting in pPNT-LA-2. Homologous recombination resulted in 
the replacement of 1A-2 exons 1-3 and mtrons 1, 2, and most of 3 with the 
neoresistant gene cassette from the pPNT-IA-2 vector into the Ecofll-Xliol site 
of the targeted locus. The targeting plasm id was linearized using the unique 
Nod site before electropo ration. Hie HSV-tk cassette was used for negative 
selection. 

Jl ES cells (Iff) were transfected with the linearized targeting vector (50 
ug/1.6 X 10 7 cells) using a BioRad Gene Puber and grown under double- 
selection conditions (350 jig/ml G418, 2 junol/1 ganciclovir). After 7-10 days, 
G418-ganciclovir-resistant ES cell clones were picked and expanded (20). 

Genomic DNA from individual ES cell clones was extracted and analyzed 
by Southern blot hybridization. A 1.1-kb Xhol-HiwSBl fragment (outside 
probe) containing exons 7 and 8 just downstream of the Xftol-Xhol segment 
was used for screening. Homologous recombinant clones selected by the 
outside probe were also analyzed with a 1 .9-kb neo cassette probe to check for 
multiple integrations. Five ES cell clones were injected into C57BL/6 mice 
blastocysts to generate chimeras. Overt chimeras were backcrossed with 
CB7BL/6 mice to produce germ line transmission of the targeted allele. Tail 
DNA of agouti offspring and subsequent pups was screened for the presence 
of the mutant IA-2 allele by Southern blot analysis and PGR All protocols were 
approved by our institutional animal care and use committees. 
Genotyping. Tail DNA-PCR using four primers was designed to discriminate 
between wild-type (IA-2*'*), heterozygous (IA-2 + '~), and homozygous (IA- 
2^~) mice. The wild-type allele was detected as a 1.3-kb product using an exon 
3 sense primer (5'-TACAAGGTGTGCTCCGGCAACTCATGT-3') and an exon 4 
antisense primer (5'<KTTC£ATCTCCTGGGAGATCACATGCT-3'). The recom- 
binant allele was detected as a 3.5-kb product using the PGK-1 primer 
(5'<3GTGCTGTOCATCTGCACGAGACTAGT-3') in the promoter of the neo 
cassette and an exon 7 antisense primer (&' -C AGC AGTCAATCTCTGC A 
GACTCAATT-3')- PCR was performed with theTaqPlus Precision PCR System 
(Stratagene) at 35 cycles of 94°C for 0.5 min, 60°C for 1 min, and 72°C for 3 
m in in a GeneAmp PCR System 9700 (Applied Biosystems, Forest City, CA). 
Each PCR product was separated on 1% agarose gels containing ethidium 
bromide and visualized under ultraviolet light 

RNA analysis. Total RNA from brain (10-week-old male lA-2 + '\ IA-2 +/ ", and 
IA-2^" mice) was isolated using TRIZOL reagent (life Technology, RockvUIe, 
MD). For Northern blot analysis, 20 |Lg of each sample were separated on a 1% 
(wt/vof) agarose/2.2 mol/1 formaldehyde gel and transferred to a Hybond-XL 
membrane (Amersham Pharmacia Biotech, Piscataway, NJ)- The blot was 
subsequently hybridized with ^-radiolabeled mouse IA-2 cDNA intracellular 
and extracellular probes and an 1A-20 cDNA 3' noncoding region probe. 
Western blot analysis. Brain samples from IA-2*'* or IA-2^ - mice were 
homogenized with PBS. After centrifugation at 10,00% for 5 min, cell debris 
was sonicated in lysis buffer (50 mmol/1 Tris-HCl [pH 7.4], 150 mmol/1 NaCt 1 
mmol/1 EOT A, 1% sodium deoxycholate, 1% NP-40, 0.4% SDS, and 1 mmol/1 
phenylmethylsulfonyl fluoride). Equivalent amounts of protein dissolved in 
SDS-PAGE sample buffer were subjected to SDS-PAGE on an 896 polyacryl- 
amide gel. Separated proteins were transferred onto polyvinyl idine difluoride 
membranes by electrotrartsfer. Blots were processed as recommended by the 
manufacturer (enhanced chemiluminescence detection; Amersham Pharma- 
cia Biotech). Rabbit anti-IA-2 senim made from the intracellular domain of 
recombinant mouse IA-2 and absorbed with brain hysate from 1A-2 V ~ mice was 
used as the primary antibody (1:2,000 dilution) followed by anti-rabbit lg 
antibody conjugated to horseradish peroxidase (Amersham Pharmacia 
Biotech). 

Histological and immunohistochemical analysis. All the major organs and 
tissues were collected in 10% neutral-buffer formalin or 4% paraformaldehyde 
and processed for paraffin embedding. Sections were stained with hematox- 
ylin and eosin. Pancreatic sect ions were incubated with antibodies to insulin, 
glucagon, or somatostatin (DAKQ, Carpi" teria, CA) followed by biotiiv 
conjugated second antibody and streptavidin-liorseradish peroxidase. 
Intraperitoneal glucose tolerance test and insulin release. Mice aged 
10-23 weeks were fasted for 10 h, followed by glucose injection (2 g/kg body 
wt. i.pj. Venous blood was drawn from the tail vein at 0, 15, 30, 60, and 120 min 
after the injection. BI<kkI glucose was measured using a |>o ruble gJucoineter 
(Bayer, Elkhart, IN). For acute insulin release, glucose (3 g/kg body wt) was 
iiyeeletl uitraiX'riloncaUy into male and female mice aged 10-23 weeks. 



Venous blood was collected at 0, 3, 9, and 15 min in heparinized tubes. After 
centrinigation, plasma was stored in -20°C. Insulin levels were measured 
with an enzyme-linked immunosorbent assay (EUSA) kit using a mouse 
insulin standard (ALPCO, Windham, NH). 

Isolation of pancreatic islets. IA-2"*" or IA-2*'* mice were anesthetized 
with ketamine and xylazine. Pancreases were perfiised with 3 ml of collage- 
nase IV (2 mg/ml in Hank's solution; life Technologies) and further digested 
in a water bath at37 & C for 25 min. The digested pancreases were washed with 
Hank's solution three times and passed through mesh to remove undigested 
tissues. The islet preparation was further subjected to percoll density gradient, 
separation (density 1.089-1.062) and hand picked under a stereomicroscope 

(21) . The purity of islets reached >95% and was verified by dithizone staining 

(22) . The purified islets were cultured overnight in RPMI-1640 medium 
supplemented with 5.5 mmol/1 glucose, 100 units/ml benzypenicillin t 100 u£/ml 
streptomycin, and 10% fetal bovine serum before insulin secretion tests. 
Glucose-stimulated insulin secretion of pancreatic islets. Insulin secre- 
tion was measured by placing 10 islets in each of five wells (New Transwell 
Clear, Costar Scientific, Cambridge, MA). Experiments were repeated at least 
three times. The islets were preincubated in 1 ml oxygenated Krebs-Ringer 
bicarbonate buffer (KRBB) containing 143.5 mmol/l Na\ 5.8 mmol/1 K*. 2.5 
mmol/1 Ca 2 \ 25 mmol/1 HCO* 0.3% BSA (Fraction V; ICN, Lisle, IL), and 3.3 
mmol/1 glucose at 37*C for 30 min. After preincubation, the islets were 
incubated in 1.0 ml of KRBB supplemented with 3.3 mmol/1 glucose for 1 h. 
Subsequently, the islets were transferred to media containing 27.7 mmol/1 
glucose and incubated for 1 h. Aliquots were removed and stored at -20°C for 
quantitation of insulin by EUSA 

Statistical analysis. Statistical analysis was performed using the Student's t 
test for unpaired comparisons. Data are presented as means + SE. P < 0.05 
was considered significant 



RESULTS 

ES cells were transfected with the IA-2 targeting vector 
pPNT-lA-2 (Fig. 1). By homologous recombination of the 
targeting vector with the IA-2 wild-type locus, the 5'- 
upstream promoter region, exons 1-3 and introns 1, 2, and 
most 3 of the wild-type IA-2 locus were replaced with a 
neomycin cassette. Successful homologous recombination 
in ES cells was detected by Southern blot analysis of 
neomycin-resistant colonies with a 1.1 -kb XhoI-HindlU. 
fragment (outside probe) and a 1.9-kb neo probe (data not 
shown). Three IA-2 +/ " ES cells clones were injected into 
blastocysts to make chimeric mice that transmitted the 
modified IA-2 allele to their offspring. Wild-type (TA-2 +/+ ), 
heterozygous (IA-2 +/ ~), and homozygous (IA-2r~) mice 
were identified by tail DNA PCR with appropriate primers. 
As seen in Fig. 2A, wild-type IA-2 +/+ mice were identified 
by a 1.3-kb PCR product; homozygous IA-2^" mice, by a 
3.5-kb PCR product; and heterozygous IA-2 +/ " mice, by 
both 1.3- and 3.5-kb PCR products. The identification of 
these mice was confirmed by Southern blot analysis. As 
seen in Fig. 2B, tail DNA digested with Kpnl and hybrid- 
ized with the 1.1-kb Xlwl-HindlU outside probe produced 
a 6.9-kb band with IA-2 +/+ DNA, a 10.7-kb band with 
IA-2 V_ DNA, and both a 6.9- and 10.7-kb band with IA-2 +/ ~ 
DNA. 

Further evidence that the homologous recombination 
was successful and disrupted the IA-2 gene was obtained 
from Northern blot analysis. As seen in Fig. 2C, hybridiza- 
tion of total brain RNA with a probe corresponding to the 
extracellular domain of IA-2 (nt 485-1,708) resulted in a 
strong 3.8-kb band with IA-2 +/+ RNA, a marked reduction 
in the band with !A-2 +/ " RNA, and no band with IA-2 V * 
RN A. A probe corresponding to the intracellular domain of 
IA-2 (nt 1902-3036) yielded similar results (Fig. 2D). In 
contrast, a probe generated from the 3' noncoding region 
(nt 3,040-3,193) of the closely related protein IA-2fJ 
(23,24) showed that. IA-2P inRNA was not affected by the 
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IA-2 knockout and was expressed equally in IA-2 and 
IA-2" 7 " mice (Fig. 2EJ). Western blot analysis, using rabbit 
anti-IA-2 sera to measure protein expression in mouse 
brain extract, showed no expression of IA-2 protein in 
IA-2^" mice as compared to IA-2 + ' + mice (Fig. 2F). 

Physical examination of the IA-2^~ mice revealed no 
gross abnormalities. Litter size (data not shown) and body 
weight did not differ from the IA-2 +/+ mice (Fig. 3A). 
Histological studies failed to reveal any abnormality in the 
neuroendocrine cells of the IA-2^~ mice, including pancre- 
atic islets (Fig. 4A) and brain (Fig. 4E and F), nor were 
abnormalities found in any of the other organs or cell 
types examined. Immunohistochemical studies on the 
IA-2^~ mice also revealed normal-appearing pancreatic 
islets, with no diiTerence in the morphology or staining 
pattern of the insulin-, glucagon-, or somatostatin-produc- 
ing cells (Fig. AB-D) as compared to the IA-2 +/+ controls 
(not shown). 

Nonfasting blood glucose levels of the IA-2^" male mice, 
measured over a 22-week period, were slightly elevated as 
compared to IA-2 +/+ mice, but they did not fall within the 
diabetic range (Fig. 3B). Glucose tolerance tests, however, 
showed that glucose was significantly elevated at 15 and 
30 min in both male and female IA-2" 7 " mice (Fig. 
Moreover, after glucose injection, acute insulin release 
was depressed in both male and female IA-2 V ~ mice, with 
statistically significant differences in the female mice and 
near significance (P = 0.055 at 15 min) in the male mice 
(Fig. 5B). In glucose-stimulated insulin secretion assays, 
pancreatic isle Is isolated from IA-2^" mice also responded 
Jess vigorously to glucose stimulation. As seen in Fig. 6, 



male and female IA-2^~ mice released 48 and 42% less 
insulin, respectively, than IA-2 +/+ mice when switched 
from basal (3.3 mmol/1) to high (27.7 mmol/1) glucose. 



DISCUSSION 

Insulin is located in the dense-core secretory granules of 
pancreatic p-cells. Dense-core granules are complex 
structures, but a number of their constituents are now 
known (25). IA-2, a transmembrane glycoprotein, is an 
integral component of dense-core granules (16). The 
intracellular domain of IA-2 is thought to protrude into 
the cytoplasm of the cell, whereas at least a portion of 
the extracellular (luminal) domain resides within dense- 
core granules. There are two potential dibasic (KK) 
cleavage sites located at amino acid positions 386-387 
and 448-449 of the extracellular domain. Transfection 
and pulse chase experiments have shown that IA-2 is 
expressed as a 120-kDa glycosylated protein that is then 
processed into a predominant 64-kDa fragment and 
several smaller fragments (26). Whether these frag- 
ments from the extracellular domain remain within the 
cytoplasm or are retained within the secretory granules 
is still not clear, nor is their function known. Similar 
posttranslational modifications have been observed in 
bovine pituitary cells (27). Except for these studies and 
a reported correlation between secretogogue stimula- 
tion of 3-cells and upregulation of IA-2 mRNA (28,29), 
very little is known about the cell biology of IA-2. 

In the present study, we succeeded in deleting the IA-2 
gene by targeted gene disruption. Northern and Western 
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FIG. 2. Evidence for IA-2 gene disruption. A: PCR analysis. Primer pairs designed to produce a 1.3-kh product with cDNA from IA-2 W+ mice, but 
a 3.5-kb product from IA-2~ / ~ mice (see Fig. 1), showed that homologous recombination took place and that wild- type IA-2 had been eliminated. 
Bi Southern blot analysis. DNA from IA-2 , IA-2 W ~, and IA-2* 7 " mice were digested with Kpnl and hybridized with the 1.1-kb outside probe. DNA 
from the mice yielded the expected fi.0-kb band, whereas DNA from the IA-2" 7 ' mice gave a 10.7-kb band. IA-2*'~ mice showed both bands. 

C and Z>: Northern analysis. Probes generated from either the extracellular (C) or intracellular (£>) domains of IA-2 showed a strong 3.8-kb band 
with IA-2*'* mice, a weaker band with IA-2 W_ mice, and no band with the IA-2^ mice. Ei lA-2(i mRNA expression in 1A-2 W - and IA-2 V ~ brain 
tissue. Probe generated from the intracellular domain of IA-2 showed a strong 3.8-kb band with IA-2"- 7 "-, but no band with IA-2 V ~ mice (top). In 
contrast, a probe generated from the 3' noncoding region of IA-2|i showed a strong hand (—5.5 kb) with both IA-2*'* and lA-2"^ mice (bottom). 
Fx Western blot analysis. Antibody to IA-2 recognizes the IA-2 protein (arrow) in brain tissue from the IA-2 W * mice, but not from the IA-2^" mice. 



blot analysis showed that neither IA-2 mRNA nor protein 
was expressed. Although nonfasting blood glucose levels 
remained in the normal range, glucose tolerance tests 
revealed statistically significant elevated blood glucose 



levels in both male and female IA-2^" mice. Glucose- 
stimulated insulin secretion showed statistically de- 
pressed insulin release in female IA-2 _/ " mice, with a 
similar trend, just missing statistical significance, in male 
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IA-2" 7 " mice. Islets from both male and female IA-2^" mice 
also showed significantly lower insulin release than islets 
from IA-2 +/+ mice when the cultures were switched from 
basal (3.3 mmol/I) to high (27.7 mmol/l) glucose levels. 
These findings, taken together with the known location of 
IA-2 in dense-core secretory granules, argue that IA-2 plays 
a role in insulin secretion. Although the alterations in 
glucose tolerance tests and insulin release are statistically 
significant, they are mild, and this may explain why IA-2 
mice do not develop elevated nonfasting blood glucose 
levels and overt diabetes. 

The findings with IA-2"^ mice raise questions about the 
contribution of IA-2p, also known as phogrin, to the 
secretory process. IA-20 is structurally similar to IA-2, 
showing 74% identity within the intracellular domain. Tliis 
protein also is an integral component of dense-core gran- 
ules and is phospliorylated in a Ca 2 *-sensitive manner in 
response to secrelagogue stimulation of (S-cells (30). It is 
therefore possible that IA-2 and IA-2p work together or 

me 



that one serves in a compensatory capacity for the other. 
However, at least at the mRNA level, IA-2 knockout does 
not result in a compensatory increase in IA-23 mRNA (Fig. 
2E). Recently we succeeded in deleting the IA-20 gene 
(A.K. and A.L.N., unpublished data), and experiments are 
now underway to determine whether this protein also is 
involved in insulin secretion. 

In terms of the pathogenesis of type 1 diabetes, it is of 
interest to ask whether there is any relationship be- 
tween the autoimmune response to IA-2 and the func- 
tional role of IA-2 in secretion. It is known that 
autoantibodies to IA-2 are directed exclusively to the 
intracellular domain of the molecule that protrudes into 
the cytoplasm. Because there is no evidence that these 
autoantibodies are internalized and act within the cyto- 
plasm, it seems unlikely that the autoimmune response 
to IA-2 would have any elTeet on the secretory function 
of the IA-2 molecule. Depressed insulin secretion, how- 
ever, is one of the features of type 2 diabetes. Although 
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FIG. 4. Histological appearance and hmntmostainitig of pancreases and brain from IA-2"'" mice. Sections of pancreases were fixed and stained with 
hematoxylin and eosin (/I) or Incubated with anti-insulin antibody (It), aiiti-giiicagoti antibody CO, or anti-soiuatostatin antibody (D) followed 
by bio tin-conju gated second antibody and streptavidin horseradish peroxidase. Sections of brain (hippocampus \E\ and cerebellum \F\) were 
fixed and stained with hematoxylin and eosin (magnification x200 \A~E\ and xSUO \F\). 
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FIG. 5. Glucose tolerance and Insulin secretion tests. A: Intraperitoneal (IP) glucose tolerance tests in male (n = 20) and female (« = 22) IA-2 W * 
CO) and male (n = 15) and female (n - 19) IA-2"** (•) mice. After overnight fasting, D-glucose (2 g/kg body wt) was injected Intraperitoneal!^ 
and blood glucose levels were measured at different time points , B; Acute insulin secretion In response to intraperitoneal glucose in male (n = 
17) and female (n = 17) lA-2^* (O) and male (n = 17) and female (n = 14) (•) mice. Blood samples were drawn from the tail vein using 

heparinlzed capillary tubes before and after glucose Injection (3 g/kg body wt). The results represent the average of three Independent 
experiments. Data are means ± SE. *P < 0.01; **P < 0.001. 



no association between IA-2 and type 2 diabetes has 
been recognized thus far, any gene that is involved in 
insulin secretion becomes a possible candidate gene for 
type 2 diabetes. 

The process of secretion is complex and encompasses 
a number of different signals and pathways (25). Secre- 
tory vesicles are transported from the Golgi to the 
plasma membrane, where docking, priming, and fusion 
take place. Insulin is then secreted by exocytosis, a 
process that involves Ca 2+ influx through voltage-de- 
pendent channels and regulation of exocytosis by a 
variety of phosphorylation events (31). Where in this 
multistep process IA-2 plays a role is not known. 
Recently, by use of the yeast two-hybrid system and 
co-iinmunopreci pita! ion, several proteins have been 
identified that bind to IA-2. This includes piV spectrin 
and the PDZ domains of p2-syntrophin and neuronal 



nitric oxide synthase. Solimena and colleagues (32,33) 
have postulated that IA-2 may link the secretory gran- 
ules with the actin cystoskeleton through its association 
with plV spectrin or p2-syntrophin, and that this might 
affect granule traffic and exocytosis. Alternatively, be- 
cause nitric oxide regulates the release of certain hor- 
mones, it is possible that the association of IA-2 with 
nitric oxide synthase may modulate insulin secretion. 

Hie demonstration in the present study that deletion of 
IA-2 affects insulin secretion and the identification in other 
studies of IA-2 binding proteins (32,33) begin to provide 
insight into the function and possible mechanism of action 
of IA-2. The fact that IA-2 is present in the secretory 
granules of many different neuroendocrine cells raises the 
possibility that IA-2 may be involved not only in the 
secretion of insulin from p-celis, but also in the secretion 
of hormones from a broad range of neuroendocrine cells. 
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FIG. 6. Glucose -stimulated insulin release In vitro. Pancreatic islets isolated from LA-2 W "* and IA-2T** mice were placed in five wells, each 
containing 10 Islets, In KRBB with 3.3 mmol/1 glucose (■). At the end of 1 h, insulin levels in the supernatants were measured. The cells were then 
transferred to KRBB containing 27.7 mmol/1 glucose (□), and at the end of 1 h insulin levels were again measured. The results represent the 
average of three independent experiments. Data are means ± SE. *F < 0.01; **F < 0.001. 
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Mice Lacking the 65 kDa Isoform of Glutamic Acid Decarboxylase 
(GAD65) Maintain Normal Levels of GAD67 and GABA 
in Their Brains but Are Susceptible to Seizures 

Hideo Asada, Yuuki Kawamura, Kei Maruyama, Hideaki Kume, Ri-gao Ding, Feng Yun Ji, 
Nobuko Kanbara, Hiroko Kuzume, Makoto Sanbo,* Takeshi Yagi,* and Kunihiko Obata 1 * 

Laboratory of Neurochemistry and * Laboratory of Neurobiology and Behavioral Genetics, 
National Institute for Physiological Sciences. Myodaiji, Okazaki, Aichi 444 Japan 

Received November 13, 1996 

The gene encoding of the 65 kDa isoform of the y-aminobutyric acid (GABAVsynthesizing enzyme, 
glutamic acid decarboxylase (GAD), GAD65, was targeted in mice by homologous recombination . Viable 
GAD65 mice were obtained with the e xp ected mendelian frequency and displayed no gross morphologi- 
cal defects. Despite the complete loss of GAD65 mRNA and protein in a homozygous mutant, there was 
no difference in GABA content in the brains of GAD65 +/+, +/-, and -/- mice. As for the other 67 
kDa isoform (GAD67), the levels of mRNA and protein were largely unchanged by the GAD65 mutation. 
General behavior, including locomotor activity and performance in the Morris water maze task, appeared 
normal, but seizures were more easily induc ed by picrotoxin and pentylenetetrazol: the latencies to seizures 
induced by picrotoxin were shorter and the dose of pentylenetetrazol required for induction of seizures was 

lower. O 1996 Academic Press 



■y-Aminobutyric acid (GABA) is a principal inhibitory neurotransmitter in the mammalian 
central nervous system (1) and is synthesized from glutamic acid by glutamic acid decarboxyl- 
ase (GAD) in a specific population of nerve cells (GAB Aergic neurons). GAD has two isoforms, 
GAD65 and GAD67, named for their molecular mass of 65 and 67 kDa, respectively, which 
are encoded by two independent genes (2, 3). It has been suggested that GAD65 is rather 
membrane-associated, whereas GAD67 is a soluble cytosolic protein (3, 4). Although GAD65 
and GAD67 appear to be coexpressed in GABAergic neurons, there are some differences in 
the subcellular distribution in nerve terminals and cell bodies (3-5). Furthermore, GABA and 
GAD are transiently expressed in embryonic nervous tissue and affect proliferation, migration 
and neurite extension of neurons, and synapse formation (6-9), indicating that there are some 
developmental or trophic functions of GABA, in addition to the conventional neurotransmitter 
role. Several truncated forms of GAD67 are also expressed transiently during development 
(10). After seizure in the adult rat, GAD67 and GABA appear in the granule cells of the 
hippocampus, which are non-GAB Aergic excitatory neurons (11 and K. Obata, unpublished 
observation). These findings suggest that GABA itself may be present in different intracellular 
compartments of not only well-differentiated, GABAergic neurons, but also in undifferentiated 
or non-GAB Aergic cells, and may serve diverse functions in the nervous system. Gene targeting 
of GAD in mice will be useful for elucidating the specific roles of GAD65 and GAD67. 

In the present investigation GAD65 gene was disrupted by targeted mutation in mice, and 
chemical and histological analyses on GAD expression and behavioral studies were performed. 



1 Corresponding author. Fax: +81-564-55-7825. E-mail: obata ©nips.acjp. 
Abbreviations: GAD, glutamic acid decarboxylase; GABA, y-aminobutyric acid. 
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FIG. 1. Targeted disruption of the mouse GAD65 gene. (A) Schematic representation of GAD65 genomic DNA, 
targeting vector, and the disrupted gene. The targeting vector contains the diphtheria toxin A fragment gene (pMODT- 
ApA) for negative selection. Exon I contains the translation initiation codon ATG, and a neomycin-resistant cassette 
(PGKNeopA, Ref. 1 5) was inserted into exon 3. Probes Neo and A were used for Southern blot analysis. (B) Southern 
blot analysis using probe A was performed on EcoRI-digested tail DNA isolated from 21 -day-old mice. (C) Western 
blot analysis of GAD65 and GAD65 expression in wild-type(+/+) and GAD65 mutant (+/- and -/-) brain. The 
GAD proteins were detected with anti-GAD65/67 (A) and anti-GAD65 (B) an ti sera. 



GAD65 -/- mice maintained normal GAD67 and GABA levels in the brain. General behavior 
was not impaired but seizure was more easily induced by picrotoxin and pentylenetetrazol. 

MATERIALS AND METHODS 

Production of the GAD65 mutant mice. A genomic library of TT2 cell (12) was screened using the 5' portion of 
GAD65 cDNA. The whole sequence of mouse GAD65 cDNA was registered at accession number D42051 in 
GenBank (13) as a probe (14). The structure of the targeting vector is shown in Fig 1A. The 0.6 kb Xho I-Sal I 
fragment of pMCIDT-A (15) and the 3.7 kb Sal I-Sma I fragment of pGKPuro (16) were iigate to yield pMClDT- 
ApA. TT2 embryonic stem cells (15) were transfected with the targeting vector and then introduced into 8-ceIl embryos 
from ICR mice. The mutant mice were obtained by mating chimeric mice with C57BL/6 mice, as reported (15). 

Biochemical analysis of the mutant mice. Southern blot analysis was performed according to the general procedure 
(14. 17). Rabbit an ti sera. anti-GAD65/67, against C-terminal portion of GAD (DIDFLIEEIERLGQDL) and anti- 
GAD65. against N-terminal portion of GAD65 (ASPGSGFWSFGSEDGS), were obtained by the injection of synthetic 
peptides, respectively. Western blot was performed as previously described (17). Anti-GAD65/67 recognized both 
GAD 65 and GAD67 and anti-GAD65 selectively detected GAD65 in Western blots. Enzymatic activity of GAD was 
assayed by convertion of w C-glutamate to ,4 CO : in the presence and absence of pyridoxal 5 '-phosphate (PLP) as in 
( 1 8). with a slight modification. GABA in the tissue homogenates was measured by high performance liquid chromatog- 
raphy (BAS. Japan). 

Behavioral analysis of mutant mice. Locomotor activity and water maze learning were studied with an open 
field (diameter: 60 cm) and a water maze (diameter: 120 cm) (Neuroscience, Inc.). Motor coordination was 
observed on a Rota-Rod treadmill (UGO Basile). Passive avoidance learning was tested using a step-through 
type apparatus (O'Hara). 
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Induction of convulsion by picrotoxin and pentylenetetrazol Five mg/kg picrotoxin was injected intraperitoneal ly 
and the times of onset of sedation and seizure were recorded. Immediately after a generalized convulsion was induced, 
diazepam (5 mg/kg) was intraperitoneal ly administered to suppress the convulsion. Effective doses of pentylenetetrazol 
were determined by the time of onset of twitch, clonic convulsion and limb extension leading to death after starting 
intravenous injection with a 1% solution at a constant rate (100 /xl/min.) (19). 

RESULTS 

Southern blot analysis of 21 -day-old mice tail DNA (Fig. IB) showed that wild-type, hetero- 
zygous and homozygous mutant mice were obtained from heterozygous GAD65+/- parents 
with the expected mendelian frequency (+/+, number of mice n= 19; +/-, n=33; -/-, n= 1 3). 
Homozygous GAD65 -/- mice appeared healthy, were of similar size and weight to wild- 
type and heterozygous GAD65 +/~ littermates, and had no gross defects. No morphological 
abnormalities were observed in brain sections (data not shown). 

Northern blot analysis showed that GAD65 rnRNA was absent in GAD65 brain and 
was reduced to one-half of wild-type brain levels in GAD65 +/- brain (data not shown). 
Levels of GAD67 rnRNA in homozygous and heterozygous brain tissue were similar to those 
in wild-type brain. These results were confirmed by in situ hybridization histochemistry of 
mice brain (not illustrated): homozygous mice had no GAD65 mRNA-positive neurons, and 
in heterozygous mice the number of GAD65 mRNA-positive neurons was normal, but the 
intensity of staining was about one-half that of wild-type neurons. No change was found in 
the number and staining intensity of GAD67 mRNA-positive neurons. Western blot analysis 
also demonstrated that GAD65 protein was absent in GAD65 -/- brain and was reduced to 
about one-half the level in GAD65 +/- brain (Fig. 1C). Close examination did not reveal 
any bands which might be derived from the partial translation of exons 1 and 2 of GAD65 
gene remaining after mutation. Levels of GAD67 protein were almost the same. Immunohisto- 
chemistry of GAD65 H f — mice brain also demonstrated that no cell was GAD65-positive and 
the expected population of neurons were GAD67-positive (not illustrated). 

GAD activities in the cerebral cortex in the presence of PLP were (cpm/30min//ig protein: 
mean ± SEM, n=3): 8.22±0.96 for wild-type mice, 5.97+0.35 for GAD65 +/- mutants and 
3.63 ±0.54 for null mutants. The decrease for the null mutants was statistically significant 
(p<0.05) and was largely due to decrease in PLP-dependent activity. It is known that a large 
part of GAD65 exists as apoenzyme and requires exogenous PLP (2). The similar changes in 
GAD activities of the mutants were also observed in the striatum, hippocampus and cerebellum. 
GABA contents were (nmol/mg protein: n=15): 2.39±0.19 for the cerebral cortex, 3.45 ±0.27 
for the striatum, 3.22±0.27 for the hippocampus and 2.61 ±0.25 for the cerebellum. No signifi- 
cant difference was observed among three groups of mice. Immunohistochemistry of GABA 
also demonstrated normal number and distribution of GABA-positive neurons in GAD65 
-7- brain sections (not illustrated). 

Locomotor activity in novel environments and its accommodation with time were studied 
in an open field. Distances (cm) which mice passed during 2 min. immediately after introduction 
into the apparatus and after 10 min. of stay in the same apparatus were: 1,423±107 and 
894±77 for wild-type litermates (number of mice, n=9), I,314±60 and 682±62 for GAD65 
+/- mice (n=l8) and 1,377±193 and 938±119 for GAD65 -/- mice (n=4), respectively. 
These values did not differ statistically among groups. No ataxic behavior was observed in 
free movement in an open field and during stay on a rotating rod (Rota-Rod test). No difference 
was observed in passive avoidance test. For training, electrical shock was delivered to mice 
from the grids on the floor when they moved from a lighted compartment to a dark compart- 
ment. When the mice were introduced to the same dark compartment 24 hours after the 
training, most mice including all GAD65-/- mice did not step through to the dark room 
during 3 min. of observation. Spatial learning was evaluated by escape latency to a hidden 
platform in the Morris water maze and did not reveal any differences among three groups. 
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TABLE 1 



Sensitivity of CAD65 Mutant Mice to Seizure Induced with Picrotoxin or Pentylenetetrazol 









Dose for pentylenetetrazol 




Latency of picrotoxin effects (sec) 


convulsion (mg/kg) 










Tonic 


Genotype 


Sedation 


Seizure 


Seizure 


extension 


+/+ 


249.1 ±16.0(7) 


849.2±52.3 (7) 


6ZI±2.I (4) 


86.7+8.8 (4) 


+/- 


250.3± 153(12) 


83L9±56.9 (12) 


5X9±1.5*(4) 


78.5±I4J (3) 


-/- 


215.0±32.2(6) 


515.7±68.8"*(8) 


4U±6.8"(4) 


54.6±7.9* (4) 



Note. Picrotoxin (5mg/kg) was injected intraperitoneal ly, and pentylenetetrazol was infused into 
the tail vein at a constant rate of 0.0167 mg/sec. Values represent meaniSEM (numbers of mice). 
*• Statistically different from wild-type group using Student t-test (p<0.05). 
* Statistically different from heterozygous group using Student t-test (p<0.05). 



Escape latencies (sec) in the first session (mean value of five trials in each session) were: 
85.7±2.8 for wild-type mice (n=6), 82.8±4.7 for GAD65 +/- mice (n=8) and 81.2±8.8 for 
GAD65 — /- mice (n=4). On the 6th day (session 6), escape latencies of the same mice were 
12.4+2.7 for wild-type, 12.0±1.5 for GAD65 +/- and 13.0±2.2 for GAD65 -/- animals. 
On the 7th day, the mice were forced to learn to locate a visible platform with a flag in the 
same water maze. All mice escaped to the platform within 10 sec after 3-4 trials. 

Sensitivity of mutant mice to convulsants was assessed in two ways. Intraperitoneal 
administration of picrotoxin (5 mg/kg) induced sedation in most mice after 3-5 min.: sedation 
was characterized by lying motionless on their stomach with lightly extended limbs. After 
10-15 min. of sedation the animals again assumed crouching posture and walked around. 
This was followed by a generalized convulsive fit. Latency to seizure was significantly 
shorter for GAD65 mice (Table 1). Six GAD65 mice had a similar latency to 
sedation but in the remaining 2 homozygotes a convulsion developed without sedation, 
probably representing a higher seizure susceptibility. Continuous infusion of pentylenetetra- 
zol induced twitch, clonic convulsion and tonic extension, sequentially. Doses required for 
induction of clonic and tonic convulsion were significantly lower for homozygous mutants 
than for wild-type mice (Table 1). Seizure threshold for heterozygous mutants was between 
those for wild-type and — /- mice. 

DISCUSSION 

Targeted disruption of the GAD65 gene at exon 3 might allow expression of a small N- 
terminal peptide, but will certainly eliminate GAD65 enzyme activity (2). Absence of GAD65 
in homozygotes was confirmed by Western blot analysis and immunohistochemistry. Compen- 
satory up-regulation of GAD67 was not the observed. In GAD65 mice, GABA should 
be synthesized exclusively by GAD67. There were no significant changes in GABA levels in 
four brain regions in GAD65 -/- and +/- mice, in which GAD65 expression was reduced, 
indicating the presence of homeostatic regulation of GABA synthesis. Although the PLP 
dependent GAD activity was reduced in the mutant mice, the remaining GAD67 activity might 
be enough to keep the level of GABA. 

Although locomotor activity and several types of behavior were not affected, GAD65 
mice showed an increased susceptibility to picrotoxin and pentylenetetrazol. Picrotoxin blocks 
the GABA receptor complex (1) and one of the targets of pentylenetetrazol is also the GABA 
receptor (20). Therefore, higher sensitivity of GAD65 -/- mice to these convulsants may 
reflect reduced GABAergic transmission. A possible mechanism could be the reduction of 
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GABA in GABAergic nerve terminals of GAD65 -/- mice since fiAnfii ic -a , 

Gross anatomy and brain histology revealed no marked abnormality in GAD65 -/ 
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London El 2AT, UK 

^Department of Molecular Medicine, Max Plank Institute for Biochemistry, D-82152 Martinsried, Germany 



The desmosomal cadherin desmocollin (Dsc)1 is ex- 
pressed in upper epidermis where strong adhesion 
is required. To investigate its role in vivo, we have 
genetically engineered mice with a targeted disruption in 
the Dscl gene. Soon after birth, null mice exhibit flaky 
skin and a striking punctate epidermal barrier defect. The 
epidermis is fragile, and acantholysis in the granular layer 
generates localized lesions, compromising skin barrier 
function. Neutrophils accumulate in the lesions and further 
degrade the tissue, causing sloughing (flaking) of lesionaf 
epidermis, but rapid wound healing prevents the formation 
of overt lesions. Null epidermis is hyperprol iterative and 
overexpresses keratins 6 and 16, indicating abnormal 



differentiation. From 6 wlc, null mice develop ulcerating 
lesions resembling chronic dermatitis. We speculate that 
ulceration occurs after acantholysis in the fragile epidermis 
because environmental insults are more stringent and 
wound healing is less rapid than in neonatal mice. This 
dermatitis is accompanied by localized hair loss associated 
with formation of utriculi and dermal cysts, denoting hair 
follicle degeneration. Possible resemblance of the lesions 
to human blistering diseases is discussed. These results 
show that Dsc1 is required for strong adhesion and barrier 
maintenance in epidermis and contributes to epidermal 
differentiation. 



Introduction 

The desmosomal cadherins, desmocollin (Dsc)* and des- 
m ogle in (Dsg), mediate adhesion in desmosomes, one of 
the principal types of intercellular junction in epithelia and 
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cardiac muscle (Chitaev and Troyanovsky, 1997; Marcozzi 
et al., 1998; Tsdepis et al., 1998). Each constitutes a cad- 
herin subfamily that comprises three genetic isoforms (Dscl, 
2, and 3 and Dsgl, 2, and 3) (Buxton et al., 1993). Dscs and 
Dsgs show tissue-specific expression: Dsc2 and Dsg2 are 
ubiquitous in desmosome-containing tissues, whereas Dscs 
1 and 3 and Dsgs 1 and 3 are restricted to stratified epithe- 
lia. In stratified epithelia such as epidermis, the desmosomal 
cadherins also show differential expression with the "1" iso- 
forms expressed in suprabasal differentiated layers and the 
u 2* and *3" isoforms in more basal layers (Garrod et al., 
1996). Dsgl and 3 and Dscl and 3 expression in epidermis 
is graded reciprocally; the "3" isoforms decrease exponen- 
tially from the basal layer as the "P isoforms increase 
(Shimizu et al., 1995; North et al., 1996). This implies that 
their expression patterns may be linked, a possibility also 
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suggested by the adjacent chromosomal locations of desmo- 
somal cadherin genes (Hunt et al., 1999). Where they occur 
together, Dscl and Dsc3 are mixed in the same desmo- 
somes. Thus, the Dscl:Dsc3 ratio increases with stratifica- 
tion, indicating turnover during epidermal differentiation 
and showing that adhesion at different levels in the epider- 
mis involves different combinations of desmosomal cad- 
herins (North et al, 1996). 

Desmosomal adhesion plays an important role in the 
maintenance of tissue architecture as indicated by the study 
of human disease and null mutations in mice (Hashimoto et 
al, 1997; Amagai, 1999; Mahoney et al., 1999; Green and 
Gaudry, 2000). The loss of expression of desmosomal com- 
ponents in some human carcinomas and the ability of des- 
mosomal expression to block cellular invasion suggests that 
desmosomes may also have a tumor suppressor function 
(Garrod, 1995; Shinohara et al, 1998; Tselepiset al., 1998). 

A pressing question is whether the differential expression 
of desmosomal cadherins indicates specific functions for the 
distinct iso forms. Their graded expression in stratified epi- 
thet ia implies a possible role in epithelial differentiation. 
Stratification itself is deariy not dependent on the presence 
of multiple desmosomal cadherin isoforms, since cornea 
possesses only Dsc2 and Dsg2 (Messent et al., 2000). In 
other epithciia, Dsc3 and Dsg3 are associated positionally 
with cell proliferation and the early stages of differentiation, 
whereas Dscl and Dsgl are associated with terminal differ- 
entiation and keratin ization. Thus, the "l w isoforms may 
provide strong adhesion to resist abrasion in keratinized epi- 
thelia, and the "3" isoforms may provide weaker adhesion 
required for cell proliferation and motility (Legan et al., 
1994). Desmosomal cadherins also may be involved in dif- 



ferenttative signaling. Desmosomes participate in both in- 
side-out and outside-in signal transduction (Osada et al., 
1997; Wallis et al., 2000). Furthermore, the Dsc and Dsg 
cytoplasmic domains bind the armadillo proteins plakoglo- 
bin (PG) and plakophilin, and PG signaling in the epider- 
mis has been demonstrated, since overexpression affects hair 
growth (Charpentier et al., 2000). The nuclear location 
of plakophilins suggests a possible gene regulation role 
(Hatzfeld, 1999). Thus, either a structural/morphogenetic 
role and/or a direct or indirect different iative signaling role 
for desmosomal cadherins may be envisaged. Mice express- 
ing dominant negative Dsg3 exhibit abnormalities of epider- 
mal proliferation and differentiation (Allen et al., 1996), al- 
though Dsg3 _/ ~ mice show no obvious abnormalities of 
epidermal differentiation (Koch et al., 1997). 

To approach the question of the function of Dsc isoforms, 
we have performed targeted ablation of the mouse Dscl gene. 
This results in a complex phenotype, showing epidermal fra- 
gility together with defects of epidermal barrier and differenti- 
ation. The epidermis of neonatal mice shows lesions, which 
resemble those found in IgA pemphigus, and older mice de- 
velop chronic dermatitis. These results demonstrate that Dscl 
contributes substantially to epidermal adhesion and function. 

Results 

Characterization of the Dsct gene 

Two A, dones (X.C1 and XC4) and a PAC clone (364cl7) con- 
taining Dscl sequence were obtained from library screens. 
From these, the mouse Dscl gene was characterized in detail 
The gene spans ™32 kb and consists of 17 exons (Fig. 1). Exon 
10 is the largest (260 bp) and exon 16, which is alternatively 





Figure 1 . Exon-intron organization of the murine Dscl gene. The analysis was conducted using a PAC clone (RPCI2 1 346cl 7) and two X dones 
UCl and kC4). The location of each exon is shown relative to the Dscl gene and a schematic representation of the mouse (MJ Dscl a and Dsclb 
proteins. Results from RNase protection assay (unpublished data) suggest that there are no additional 5' exons. Alternative splicing of RNA can 
occur; tlie shorter *b* form of tlie protein is produced if RNA encoded by exon 16 (which contains an in-l'ramestop codonj is included in the final 
message. PRE, signal |x:ptide; PRO, propeptide; HO -ECS. extracellular homologous repeat domains 1-5; TM, transmembrane domain; CYT, cyto- 
plasmic domain. The locations of introns in human <H) DSC2 (Greenwood et al.. 1 997) are shown for comparison and indicated by arrowlieads. 
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Table 1. Exon-inlron boundaries of the mouse Dscl gene 



Exon 


Exon size 


5 r donor 


Intron size 


3' acceptor 


1 


bp 
NC+ 63 


TTTCTCCTCgtgagt 


it> 
2.6 


tttgagGTTCTGGTA 


2 


85 


TAG CCA AACgtgagc 


1.7 


ctgtag i kj aa i c i vju 


3 


203 


C AAAAAAAGgla aag 


1,1 


ata lagG illll AG G 


4 


120 


ATTC ACCAC glctgt 


1.1 


ttatagATCCAATCT 


5 


156 


CAAI 1 1 1 ICgtaaga 


5.8 


ttccagGTATATCCA 


6 


145 


CCCGATCTGglgagt 


3.0 


gaacagCAACTTCAG 


7 


167 


GACACACAGgtaalg 


1.9 


ttacagAAATGTGAC 


8 


135 


CAAACTTCTgtgagt 


1.2 


cctcagT AT ACT ACA 


9 


186 


AGGCTT AACgta atg 


1.1 


aaacagCCACT G AAC 


10 


260 


AGGCTTAACgtaatg 


0.4 


acctagGTATGAGAT 


11 


143 


CAGATACAGgtgagt 


5.5 


tcctagCTG GCC G AT 


12 


213 


CACACGATGgtaagt 


1.3 


cttcagGTAAACGTG 


13 


240 


T GCT ACTGTgta agt 


0.8 


ctgtagGCATTTTGT 


14 


125 


G AACTG ACGgta aat 


0.7 


ctttagGAAGCCAAT 


15 


222 


CTTCCTCAAgtaagt 


0.9 


atacagAAGGTGTAT 


16 


46 


CTTCCTCAAgtaagt 


0.3 


atgtagGAATCCATT 


17 


195 + NC 









Consensus agfgt splice sequences are shown in bold. Intron sizes were determined by PCR using primers positioned on flanking exons. NC, noncoding. 



spliced to generate the "a" and "b" forms of the protein (Collins 
ct al., 1991), is the smallest (46 bp). Single exons do not corre- 
spond to known structural elements such as the extracellular 
domain internal repeats or the transmembrane or cytoplasmic 
domains (Fig. 1). All intron-exon borders conform to 5' and 3' 
splice site consensus sequences (Table I). The organization of 
mouse Dscl shows a striking resemblance to that of other Dsc 
and classical cadherin genes (Greenwood et al, 1997; Whittock 
et al., 2000) with exon boundaries highly conserved (Fig. 1). 

Generation of Dsc f-null mice by 
homologous recombination 

The Dscl gene was disrupted in embryonic stem (ES) cells 
using the targeting vector shown in Fig. 2 A. On homolo- 



gous recombination, the vector replaces the translation initi- 
ation codon (ATG) and the coding sequence from exon 1 
with a neo-cassette. 98 bp at the 3' end of exon 1 (including 
63 bp encoding the start of the Dscl signal peptide) and 2.2 
kb of intron 1 are replaced by vector DNA. 

Four ES cell clones containing a disrupted Dscl allele were 
identified, and one was used to generate chimeric mice that 
transmitted the mutated allele to their progeny. Mice het- 
erozygous for the targeted mutation were identified by 
Southern blotting; wild- type and mutant alleles produced 
fragments of 20- and 6-kb, respectively (Fig. 2 B). Addi- 
tional Southern blotting with a probe located 3' to the ho- 
mologous sequences in the targeting vector confirmed the 
presence of the mutated allele in heterozygous mice, and a 
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Figure 2. Targeted disruption of (he 
mouse Dscl gene. (A) Targeting strategy. 
The targeting vector consisted of pUC 
DNA, a neomycin (neo) resistance 
cassette, and portions of the Dscl gene 
including 2.1 kb of homology (5' arm) 
and 5,2 kb of homology (3' arm). Filled 
vertical boxes represent exons. 8, 
BamHI; P, Pvull; H, Hindill. <B) Southern 
blot analysis of genomic DNA from 
wild-type (+/+), heterozygous {+/-), 
and homozygous (-/— ) mice. DNA was 
digested with BamHI, subjected to 
agarose gel electrophoresis, and trans- 
ferred to nitocellulose. Wild-type (20 kb) 
and mutant (6 kb) alleles were detected 
with probe 1, which hybridized to DNA 
just outside of the 5 ' region of homology. 
Similarly, probe 2, which hybridized to 
DNA just outside the 3' region of 
homology, detected wild-type 
(20 kb) and mutant (14 kbj bands 
(unpublished data). 
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Figure 3. Expression of desmosoroal constituents in 
Dscl mutant mice, (A) RT-PCR showing absence of 
Dscl message in DscV mice. Amplification of Dscl 
mRNA was performed using primer pairs PI and P2 and 
P3 and P4 (Fig. 2 A) to give 476- and 358-bp products, 
respectively, in wild-type and heterozygous mice only. 
Control amplifications using glyceraldehyde-3-phos- 
phate dehydrogenase primers (983-bp product) were 
performed. (B) Western blot analysis of epidermal 
extracts using antibodies specific for Dscl, Dsc2, Dsc3, 
Dsgl +2, PG, and DP. Equal protein loadings were 
determined by prior staining with Coomassie brilliant 
blue. (C-F) Immunofluorescence of epidermis from 
2-d-old normal and null mice. Dscl is expressed in the 
epidermis and hair foil ides of normal mice (C) but is 
absent from the skin of null animals (D). DP distribution 
is unaffected apparently by the absence of Dscl and is 
similar in normal (E) and null mice (F)- Vertical bars 
indicate position of epidermis. Skin samples were taken 
from the backs of mice, hf, hair follicle. Bars, 25 um 
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neo-de rived probe was used to show the presence of only 
one copy of the neo gene (unpublished data). Heterozygous 
mice, which could not be distinguished from their wild-type 
littermates, were crossed and their progeny genotyped. Litter 
sizes were normal. Of the pups, 26% were wild-type 
56% were heterozygous (+/-), and 18% were homozygous 
for the disrupted allele (-/-)(« = 308). Thus, the number 
of hornozygous-null offspring was slighdy lower than ex- 
pected. Dscl is first expressed at embryonic day (E)13-5 in 
the outer layers of epidermis (King et al., 1996; Chidgey et 
al., 1997). To determine whether absence of Dscl results in 
some embryonic mortality, we genotyped El 7 embryos 
from heterozygous crosses. Of these, 28% were wild-type, 
43% were heterozygous, and 29% were -/- (» = 65). This 
is a normal Mendel ian ratio. These data suggest that some of 
the Dscl~ f ~ neonates are eaten by the mothers at birth, al- 
though no direct evidence for this was found. Dscl'*' mice 
were fertile: pups from Dscl'^ X DscF*' crosses were 
reared and weaned succ essfully \ 

Mice lacking Dscl show a neonatal phenotype 
involving skin, hair, eyes, and growth 
Using primers Pi and P2 specific for exons 1 and 5, respec- 
tively (Fig. 2 A), full-length Dscl mRNA was absent from the 
epidermis of Dscl ~ ! ~ mice by reverse transcriptase (RT)-PCR 
(Fig. 3 A). To confirm the absence of a 5 '-truncated message, 
RT-PCR was performed using primers P3 and P4 specific for 
exons 4 and 7, respectively (Fig. 2 A). No evidence for a trun- 
cated message was found (Fig. 3 A). Primer P3 hybridizes to 
DNA downstream of that encoding the beginning of the ma- 
ture protein. Hence, it is extremely unlikely that a truncated 
message smaller than that which would be detected by primer 
pair P3-P4 would produce a functional protein. Western blot- 
ting with a polyclonal antibody raised against a substantial 
portion of the extracellular domain of Dscl (North et al., 
1996) showed absence of the protein from Dsd'^ epidermis 
(Fig. 3 B). No evidence for the production of a truncated pro- 
tein was found. Western blotting also showed no clear differ- 
ences in expression of other desmosomal components (Dsc2, 
Dsc3, Dsgl +2, PG, desmoplakin [DP]) (Fig. 3 B). Immu- 
nofluorescence demonstrated absence of Dscl from Dscl 1 
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Figure 4. Eye, skin, and growth abnormalities in Dscl -null mice. 
(A) Eyelids from a 2-d-old normal mouse, f, fused eyelid epidermis; 
c, cornea. (B) Eyelids from a Dsc/ -/ " I ittermale showing a failure of 
eyelid fusion, inflammation, and corneal damage, t, eyelid tips 
which have failed to fuse. (Q Flaky skin in two null mice at 2-d-old. 
At this age, null mice were indistinguishable in size from their 
normal littermates. (D) Flaky skin and characteristic runted 
appearance in an 8-d-old null mouse (bottom animal} when 
compared with a normal liUermate (top animal). (E) Delayed weight 
gain in Dscl -null mice. Results from a typical litter consisting of 
nine pups in which a null (Nu) mouse and its normal (No) litter- 
mates were born with equal weights, but at weaning (2 1 d) the null 
mouse weighed 30% less than the average of the others. Bars 
represent range of weights of normal littermates. 10 litters were 
examined with similar results. Bars, 150 u.m. 
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epidermis and the inner root sheaths of hair follicles (Fig. 3, C 
and D). Other desmosomal components were unchanged 
(DP shown) (Fig. 3, E and F). 

At birth, homozygous mice were generally indistinguish- 
able from their littermates, but 10% were born with one or 
both eyes open (Fig. 4, A and B). Failure of eyelid fusion led 
to corneal damage and inflammation and corneal opacity or 
micropthalmia later in life. From day 2, null mice could be 
distinguished from their normal (i.e., Dsc2 +f+ and DscJ +f ~) 
littermates because null skin was covered in white flakes or 
scales (Fig. 4, C and D). 

Although born at the same size, null mice usually grew less 
rapidly (Fig. 4 D), and by weaning (21 d) they were ^30% 
smaller than littermates (Fig. 4 E; see Fig. 9 A). Slower 
growth was not due to an obvious feeding defect. The guts 
of null mice had milk in their stomachs and a normal ap- 
pearance throughout their length, indicating that the food 
was processed normally. Dscl is expressed in mouse tongue, 
hard palate, esophagus, and forestomach (King et al., 1 996, 
1997), but histological examination of these tissues from 
null mice revealed no abnormalities of the epithelia. Inspec- 
tion of the oral cavities of null pups revealed no blistering of 
epithelia. Thus, DscJ~ ; ' mice did not show the type of oral 
blistering defects responsible for feeding defects and small 
size in Ds$F H mice (Koch et al., 1997). Of null animals, 
10% remained runted, but others caught up after weaning 
so that by 3 mo there was no significant difference in weight 
between them and normal mice. Thus, although growth was 
slower adult size was not generally affected. 

Dscl is expressed in the Hassal bodies of human thymus 
(Nuber et al., 1996). To test for an effect on thymus, we ex- 
amined it histologically and counted numbers of peripheral 
blood T cells labeled with antibodies to CD4 and CD8 by 
flow cytometry. No differences were found. 

Mice lacking Dscl show abnormal epidermal 
proliferation and differentiation 

Histology showed that the epidermis of Dscl ~*~ mice was 
considerably thicker than that of littermates. Normal epider- 
mis consisted of two to three cell layers below the cornified 
layer, but that of null mice had one, two, or three additional 



layers, and thickening was found at all body sites. At 2 d, 
thickening was principally in the spinous layer (Fig. 3. E and 
F, and Fig. 5, A and B), although localized hyperkeratosis 
and parakeratosis were also seen (Fig. 5 Q. The epidermal 
cells often but not always appeared larger in the thickened 
null epidermis (Fig. 5, A and B, compared with Fig. 3, E 
and F). To determine whether epidermal thickening was due 
to increased cell proliferation, we examined the skin from 
null and normal mice using an antibody against Ki67. Pro- 
liferating cells were infrequent (3% of all epidermal nuclei) 
in normal mouse skin and found exclusively in the basal cell 
layer (Fig. 5 D). By contrast, in null mouse epidermis kera- 
tinocytes with nuclear Ki67 were extremely abundant (33% 
of all epidermal nuclei) and observed frequendy in supra- 
basal layers (Fig. 5 E). 

To investigate the effects of the null mutation on epider- 
mal differentiation,' we examined the expression of differen- 
tiation markers by immunofluorescence. No differences be- 
tween normal and null epidermis from 2-d-old animals were 
observed in the distributions of the basal markers P-cadherin 
(Fig. 6, A and B), f^-integrin (Fig. 6, D and E), and keratin 
5 (unpublished data). Early markers of terminal differentia- 
tion (keratin [K]l, involucrin) and a marker for late epider- 
mal differentiation (filaggrin) were normal in 2-d-old null 
mice (unpublished data). However, a striking difference in 
the hype rprolife ration markers keratins 6 and 16 was found. 
In normal 2-d epidermis, expression of K6 was restricted 
mosdy to hair follicles (Fig. 6 G), although localized inter- 
fbllicular epidermal staining was found occasionally. In null 
epidermis, K6 was present in both hair follicles and interfbl- 
licular epidermis (Fig. 6 H). Such K6 expression was ob- 
served at all body sites but was patchy locally: in some places 
expression was present throughout interfollicular epidermis 
but was absent from others. In normal epidermis, K16 was 
expressed in hair follicles, and superficial staining was 
present in suprabasal interfollicular epidermis (Fig. 6 J). In 
null animals, expression of the protein was upregulated and 
detected in all cell layers of interfollicular epidermis (Fig. 
6K). 

In later life, null mice were susceptible to skin ulceration 
(see below). In lesioned epidermis from adult null mice, 
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Figure 5. Hyperplasia and increased cell 
proliferation in die 1 -deficient epidermis. 
(A) Epidermis from a 2-d-old normal 
mouse. (8) Epidermis from a DscV'~ 
littermate showing hypefplasia. Bars (e) 
indicate thickness of living layers of 
epidermis. (Q Epidermis from a Dscl - null 
mouse showing localized hyperkeratosis 
a ixl parakeratosis (retention of nuclei in 
the cornified layer) (arrow). (O) Expression 
of (067 in the epidermis in a normal 
mouse. (E) Ki67 staining in the epidermis 
of a DscX mf ~ mouse. Only one proliferat- 
ing cell located in the basal layer is present 
in D (arrow), whereas in E almost all of the 
cells in the basal layer and numerous 
suprabasal cells (arrows) are undergoing 
cell division. A-C show head skin; D and 
E sIkav back skin. Bars: (A-C) 100 (jun; 
(D and E>50ji.m. 
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Figure 6. Immunofluorescence of differentiation 
markers in Dscl-null mice. Distribution of 
P-cadherin in normal (A) and null (B) 2-d-old 
animals. In both cases, expression is confined to 
the basal cell layer and hair follicles. However, 
dramatic upregulation of P-cadherin is found in 
lesioned epidermis from adult (~3-mo-dd) null 
animals (C). Similarly, distribution of p 4 -integrin 
expression is similar in normal (D) and null (E) 2-d 
epidermis but is increased dramatically in all cell 
layers of lesioned epidermis from older null mice 
<F). Keratin 6 is expressed in hair follicles of normal 
mice (G), whereas in unlesioned epidermis from 
2-d-old null animals it is found both in hair folli- 
cles and interfotlicular epidermis (H). Dramatic 
upregulation of keratin 6 is found in lesioned 
epidermis from adult null animals (1). In normal 
animals, superficial keratin 16 staining is detected 
in suprabasal layers 0), whereas in null mice it is 
expressed strongly throughout the epidermis 
including the basal celt layer in both no n lesioned 
(K) and lesioned epidermis (L). Arrowheads 
indicate the basement membrane. All micrographs 
show back skin. Bars: (A-F and J-L) 25 jim; (C-l) 
150 |im. 
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basal layer markers were expressed in all cell layers (Fig. 6, C 
and F). There were no differences in the distributions of Kl 
and filaggrin. Both K6 (Fig. 6 I) and Kl6 (Fig. 6 L) were 
found throughout lesioned epidermis. 

Cornified envelope formation is an important aspect of 
epidermal terminal differentiation. Because a Dsc, Dsc3, has 
been reported as a component of cornified envelopes (Rob- 
inson et al., 1997) and because Dscl H ~ mice showed abnor- 
mal epidermal differentiation, we compared cornified enve- 
lopes from the epidermis of null and wild- type mice. No 
difference in appearance was detectable. 

Dscl deficiency produces epidermal fragility with 
localized loss of barrier activity 

Two observations from neonatal mice suggested that the 
epidermis of Dscl~*~ mice is more fragile than that of litter- 
mates. First, histology revealed splits in the epidermis. Such 
acantholysis, which was absent from normal epidermis, oc- 
curred within the granular layer between the granular and 
spinous layers (Fig. 7 A) or between the cornified and granu- 
lar layers. Second, when we attempted to isolate the epider- 
mis from 2-d-old mice we found that null epidermis could 
only be removed in small pieces, whereas normal epidermis 
remained in sheets (Fig. 7, B and C). 

We determined the effects of eliminating Dscl on desmo- 
some ultrastructure in the epidermis. No abnormalities in 
the structure or number of desmosomes were found, includ- 
ing those at the level of the upper spinous and granular lay- 
ers where Dscl expression is strongest (Fig. 7, D and E). 
SimilaHy no changes in desmosomes in the inner root 
sheaths of hair follicles were apparent (unpublished data). 
By EM, epidermal splits showed an absence of cell lysis and 
desmosomes, indicating that splitting occurred because of 
weakened adhesion (Fig. 7 F). 

We speculated that flaky skin and epidermal fragility 
could lead to defects in the skin barrier. To examine this. 



barrier activity was tested by dye penetration assays (Hard- 
man et al., 1998; Marshall et al., 2000). E17 embryos 
showed no staining so die barrier was complete before birth. 
Also, 2-d-old normal mice stayed uniformly white, indicat- 
ing complete barrier formation (unpublished data; Hard- 
man et al., 1 998). However, 2-d-old null mice showed nu- 
merous dark spots, indicating localized loss of barrier 
function (Fig. 8 A). These lesions were not left-right sym- 
metric, indicating that environmental factors contributed to 
their formation. 

Histology of stained spots showed that formation and re- 
pair of the lesions could be viewed as sequential events. Earfy 
lesions appear in the subcorneal region of epidermis as local- 
ized accumulations of neutrophils (Fig. 8, B and C). Such 
lesions bear a striking resemblance to those found in the sub- 
corneal pustular dermatosis form of IgA pemphigus (Fig. 8 
B compared with Fig. 1 c in Hashimoto et al., 1 997). Next, 
the epidermis is degraded by inflammatory cells and partially 
detaches from the underlying matrix (Fig. 8, D and E), al- 
lowing penetration of dye (Fig. 8 A). Concurrendy, epithe- 
lial cell migration into the wound site is initiated (Fig. 8 E). 
Finally, when wound healing is complete the damaged epi- 
dermis detaches from the underlying tissue, leaving behind 
an intact newly formed barrier (Fig. 8 F). 

To quantify Joss of barrier function, body skin from 
2-d-old animals was used for determination of permeability 
constants (Kp) to water and mannitol, a marker for paracel- 
lular permeability (Fig. 8 G). Values for Kp were signifi- 
cantly higher {p < 0.05) for null animals. The null skin Kp 
for mannitol was twice that for normal skin, and permeabil- 
ity to water was increased 1.6-fold (Fig. 8 G). These results 
indicate that absence of Dscl causes a defect in the skin bar- 
rier. 

To examine transepidermal water loss (TEWL), measure- 
ments were performed on 25 wild -type and 29 null pups. 
These gave values of 5.2 mg/h and 6.3 mg/h, respectively. 
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Figure 7. Absence of Dsc1 weakens adhesion in 
upper epidermis despile Ihe presence of uttrastruc- 
turally normal desmosomes. (A) Epidermis from a 
2-d-old null mouse showing hyperplasia and 
acantholysis. The granular layer appears to be separat- 
ing from the upper spinous layer. (B) Epidermis 
isolated from a 2-d-old Osc J~*"-null mouse after 
treatment with EDTA showing that the tissue 
fragments allow only small pieces of epidermis to be 
separated from the dermis. (C) Epidermis isolated 
using the same technique from a normal littermate. 
(D) Ultrastructure of outer layers of epidermis from a 
normal mouse showing desmosomes (arrows), (E) 
Ultrastructure of outer layers of epidermis from a 
Dscl-null mouse with desmosomes (arrows) of a 
normal appearance. (F) Ultrastructure of lesional 
epithelium in a Dscl-null mouse showing splitting 
between cells and an absence of cell lysis. Arrows 
indicate possible remains of split desmosomes. All 
samples were from back skin. Bars: (A) 20 u-m; 
(D and E) 1 |im; (F) 2 urn 



Thus, TEWL for null mice was ~ 1.2-fold greater than for 
wild-type controls {p = 0.02). 

Dscl-null mice develop alopecia and chronic dermatitis 
The coats of adult null mice had a slighdy untidy ruffled ap- 
pearance (Fig. 9 A). Their pelage hairs were indistinguish- 
able from those of normal littermates with similar distribu- 
tions of awls, auchenes, zig-zags, and guard hairs, and 
whiskers appeared normal. In later life (usually manifesting 
at between 1 and 2 mo), >90% of null mice suffered hair 
loss and skin ulceration (Fig. 9, B and Q. Hair loss was 
most common ventrally (Fig. 9 B), but some individuals had 
bald patches on the back, and two mice showed more gen- 
eral hair loss. Ulceration was most common around the 
muzzle (Fig. 9 Q but was also found elsewhere on the head, 
ventrally, or on the back. Muzzle lesions appeared between 6 
wk and 6 mo, and affected mice were killed. Mice that were 
caged alone developed the same phenotype. 

To investigate the mechanism of hair loss, we examined hair 
follicles at various stages of the hair cycle. No striking abnor- 
malities were found at 5 (first anagen), 18 (catagen), 21 (telo- 
gen), and 28 d (second anagen). Tape stripping of the coats 
detached no more hairs from null than from normal mice, in- 
dicating that hairs were firmly anchored in null follicles. 

In older animals, severe epidermal and follicular hyperpla- 
sia was observed in ulcerated areas of skin (Fig. 9 C) and oc- 
casionally in uninvolved skin. In hyperplastic epidermis, 
substantial thickening of the stratum corneum (hyperkerato- 
sis) was observed (Fig. 9. D and E). Normally differentiated 
hair follicles were absent and replaced by large comedo-like 
malformations (utriculi) and cysts (Fig. 9, D and F). Such 



structures characteristically result from disintegration of hair 
follicles, suggesting that the observed alopecia is a result of 
hyperplasia and loss of normal hair follicle morphology. In 
some ulcerated regions, the epidermis was lost completely 
(Fig. 9 E). Severe inflammation and tissue necrosis were also 
observed. The most striking examples of focal overgrowth of 
keratinocytes were found in both apparendy normal and ul- 
cerated whisker pads, which showed a marked papilloma- 
tous nature (Fig, 9, G compared with H) with hyperkerato- 
sis and parakeratosis. No evidence of malignant conversion 
was found. Dsc 7- null mice were diagnosed as suffering from 
chronic dermatitis. 

Discussion 

Deletion of Dscl has two consequences for epidermis. First, 
weakened adhesion gives rise to epidermal fragility and acan- 
tholysis. In earfy life, this produces a striking localized loss of 
barrier function and skin flaking. In older mice, substantial 
ulceration occurs. Second, epidermal differentiation is ab- 
normal, manifested as epidermal hyperproliferation and 
thickening, an upregulation of keratin 6 and 16 expression, 
and localized hyperkeratosis and parakeratosis. 

Absence of Dscl did not result in any alteration in the 
structure of desmosomes in the upper epidermis, but acan- 
diolysis indicates that they are more weakly adhesive than in 
normal mice, presumably relying on other Dscs for their 
structure and adhesion. However, there was also no apparent 
alteration in the expression of other desmosomal compo- 
nents, a result similar to that found in Dsg3~ , ~ mice (Koch 
et aL, 1997). Thus, although the expression of the glycopro- 
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Figure 8. Dsc1-null mice have skin barrier defects. 
(A) Localized breaches in the skin barrier allow 
penetration of dye into the epidermis of a null mouse 
but not its normal littermate, which was completely 
white, that is, unstained (unpublished data). (B and C) 
Early lesions in the skin of 2-d-old null mice showing 
infiltration of epidermis with polymorphonuclear cells 
(neutrophils). (D) More developed lesion in 2-d 
epidermis showing epidermal degradation and 
detachment from the underlying dermis. (E) Higher 
magnification showing epithelial cell migration from 
intact tissue into wound site. (F) Healed lesion in the 
epidermis of a 2-d-old null mouse. The damaged 
epidermis has completely detached from the underly- 
ing healed tissue. Arrowheads indicate polymorpho- 
nuclear cells. (C) Measurement of permeability 
coefficients (Kp) for water and mannitol under passive 
conditions show that skin from 2-d-old null mice is 
more permeable to both water and solutes ip < 0.05 
in both cases) than that of a normal littermate. 
Nu, null; No, normal. Bars: (8, C, and E) 25 jim; 
(D arid F) 1 00 jim. 




Water Mannitol 



tein genes has been postulated to be linked (North et al., 
1 996; King et al., 1997) two examples of gene deletion have 
not resulted in compensatory up regulation of other family 
members. 

The acantholysis in the upper epidermis in Dscl~*~ resem- 
bles that seen in the human autoimmune blistering disease 
pemphigus foliceus (PF) {Mahoney et al., 1999), reflecting the 
similar epidermal expression patterns of Dscl and the PF anti- 
gen Dsgl. In PF, acantholysis results from binding of IgG au- 
toantibody to the extracellular domain of Dsgl. There is no 
evidence for the involvement of antibodies to Dscl in PF. Sub- 
sequently, the localized acantholytic lesions in Dscl~ l ~ mice 
become infiltrated with polymorphonuclear cells (neutrophils). 
The lesions are reminiscent of those seen in the human subcor- 
neal form of IgA pemphigus in which IgA autoantibodies to 
Dsc 1 bind to the peripheries of epidermal kerarinocytes (Hash- 
imoto et al., 1997). No evidence for the pathogenicity of these 
antibodies has yet emerged. Whether the resemblance between 
the lesions is coincidental or has significance for the etiology of 
IgA pemphigus awaits clarification. 



Although the acantholytic lesions appear similar, those in 
young Dscr H mice do not progress. In the human diseases, 
red encrusted lesions are characteristic of PF and red pustu- 
lar blisters are characteristic of IgA pemphigus, yet the epi- 
dermis of the mice remain unblemished apart from the ap- 
pearance of white flakes. We suggest that skin lesions in 
young mice are triggered by local acantholysis but do not 
progress because wound healing is rapid. Reepithelialization 
of wounds takes ^50% longer in 6-8-wk-old mice than in 
neonatal mice (Whitby and Ferguson, 1991). This differ- 
ence in the rate of wound healing can account for the differ- 
ence in severity between the lesions of neonatal mice and 
older mice. The environmental insults experienced by older 
animals are more severe than in young mice during suckling. 
Repeated insults, especially scratching, give rise to lesions in 
the epidermis that cannot be healed as rapidly as in neonatal 
animals. Exacerbation of lesions leads to ulceration and 
chronic dermatitis* which in this case is a proliferative re- 
sponse of the epidermis to damage. Similar lesions have been 
found in Dsg3 ~'~ mice (Amagai et al., 2000). 
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Figure 9. Phenotype of Dscl -null mice increases in severity with age. (A) Scruffy and untidy coat appearance in an adult null mouse (bottom) 
compared with a normal littermate (top). Mice shown are 21-d-old (day of weaning). Note that the null mouse is smaller. (B) Alopecia in an adult 
null mouse showing the most typical pattern observed Some ulceration on the ventral surface of the head and neck is visible also. (Q Snout 
ulceration in an adult null mouse showing a moderately severe example of the pattern found in at! null animals and commencing after 1 mo of age. 
(D) Hyperplastic epidermis from the ventral surface of an adult null mouse showing acanthosis, hyperkeratosis with utriculi (ut), and cysts (cy). (E) 
Ulcerated skin from the abdomen of an adult Dsc1" /_ mouse showing complete loss of epidermis from the site of the ulcer and severe inflammation. 
The right hand margin of the ulcer is indicated by an arrow. At this low magnification, the presence of inflammatory cells is indicated by the dermal 
basophilia of this region. (F) Higher magnification of a utricule (ut) and a cyst (cy). (C) Whisker pad of an adult normal mouse, vf, vibrissa follide. (H) 
Whisker pad of an adult null mouse. Severe hyperplasia is present in the null as indicated by the increased number of epidermal cell layers. 
Approximate thickness of epidermis indicated by bars (ep) in C and H. Bars: (D, £, and C) 150 jun; (F) 25 urn. 



Epidermal barrier function is compromised in neonatal 
Dscl~ f ~ mice. The defect appears to arise as a consequence 
of localized acantholysts and thus does not imply a direct 
role for Dscl in barrier formation, although we cannot com- 
pletely exclude the possibility of a slight, more generalized 
defect. The effect is clearly mild and not life threatening. 
However, the slight reduction in epidermal barrier function 
and increase in water loss may cause stress to null mice and 
result in growth retardation. Area measurements of water 
and mannitol permeability and TEWL indicate a decrease in 
barrier function of less than twofold. A fourfold increase in 
TEWL is not lethal in mice transgenic for COOH- termi- 
nally truncated lortcrin (Suga et al., 2000). By contrast, a 
targeted mutation in the keratin 10 gene results in an eight- 
fold increase in TEWL and neonatal death (Jensen et al., 
2000). Mice deficient in the cornified envelope proteins in- 
volucrin and loricrin exhibit no neonatal barrier defect, al- 
though the latrer show delayed barrier formation before 



birth (Dijan et al., 2000; Koch et al., 2000). Therefore, 
these mice are affected less severely than Dscl~*~ mice. 

Clear evidence for hyperproliferation and epidermal 
thickening was found in Dscl~ f ~ mice. Hyperproliferation 
may be a response to damage to the skin barrier. Underlying 
cells can sense defects in cells above and respond by prolifer- 
ating in several experimental situations. Disruption of the 
barrier elicits DNA synthesis and epidermal hyperplasia 
(Proksch et al., 1991; Denda et al., 1998), and expression of 
the whn gene and NH2-terminally truncated Dsg3 in supra- 
basal layers of transgenic mouse epidermis leads to both hy- 
perproliferation and an immune response (Allen et al., 1 996; 
Prowse et al., 1999). However, the major barrier defect in 
Dscl'*' mice is localized, whereas the hyperproliferation 
and epidermal thickening is not. Thus, it seems likely that 
alterations in the program of keratin ocyte terminal differen- 
tiation occur in the absence of Dscl. Two pieces of evidence 
support rhis view. First, proliferating keratinocytes were 
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found in suprabasal layers of null epidermis* and second, 
parakeratosis was found, suggesting that the later stages of 
differentiation are delayed. Furthermore, there is evidence to 
suggest that expression of K6 and K16 in interfollicular epi- 
dermis is associated with alterations in differentiation rather 
than hyperproliferation (Schermer et al., 1989; Sellhayer et 
al., 1993; Porter et al„ 1998b)- However, the whole ques- 
tion of whether the effects we observe are a primary conse- 
quence of loss of Dscl or a secondary consequence of acan- 
tholysis and wound healing is a complex one that will form 
the subject of further investigation. 

Epidermal hyperproliferation may suggest a resemblance 
to the common human skin disease psoriasis. However, the 
changes in differentiation and skin inflammation are less se- 
vere than in psoriasis, and other features, such as loss of the 
granular layer, formation of deep rete pegs, and dilation of 
dermal blood vessels, are absent. 

Hair loss in Dscl ~'~ mice differs from that in Dsg3-null 
animals. In the latter, hair loss occurs in wave-like patterns 
as the result of defective cell adhesion in the telogen phase of 
the hair cycle (Koch et al., 1998). Dscl is expressed in inner 
cell layers of the hair follicle (Chidgey et al., 1997; King et 
al., 1997), but despite extensive examination we found no 
abnormalities in timing of the hair cycle or in structure of 
hair follicles in Dscl~ f ~ mice of up to 4 wk of age. Hair loss 
occurred generally in older animals and was often associated 
with loss of normal hair follicle morphology and the pres- 
ence of comedo-like structures (utriculi) and dermal cysts. 
Such structures characteristically result from hair follicle de- 
generation (Montagna et al., 1952; Mann, 1971; Pantdeyev 
et al., 1998). Further work will be required to determine 
whether hair follicle degeneration is an indirect consequence 
of the hyperproliferative and inflammatory environment or 
whether Dscl has a role in the maintenance of normal folli- 
cle morphology. 

In conclusion, the phenotype of Dscl~*~ mice demon- 
strates a role for this desmosomal glycoprotein in kerati- 
nocyte adhesion in the upper epidermis and in the normal 
function of the skin. Furthermore, our data suggest that 
Dscl contributes to the regulation of epidermal differentia- 
tion, and Dscl" l ~ mice may prove useful in determining the 
role of desmo somes in skin disease. 

Materials and methods 

Isolation and characterization of the mouse Dscl gene 
Mouse 129SVJ XFixIl (Stratagene) and PAC <RPCI21; UK HCMP Resource 
Centre) genomic libraries were screened with overlapping fragments of the 
mouse Dscl cDNA. Two unique nonoverlapping \ clones (XC1 and XC4) 
and one PAC clone (364c 17) were characterized in detail. Imron sizes 
were determined by generating PGR products using synthetic oligonucle- 
otide primers based on flank "mg exon sequences derived from the Dscl 
cDNA sequence (King et a I., 1 996). Exon-intron boundaries were deter- 
mined by DNA sequencing and comparison with cDNA sequence. 

Construction of a targeting vector and generation of 
Dsc1-null mice 

To construct a targeting vector, a Pvull fragment from aC1 , comprising 2.1 
kb of DNA 5' of the Dscl initiation codon, was cloned upstream of a neo- 
mycin resistance gene under the control of a phosphoglycerate kinase pro- 
moter (Ftg. 2 Aj. A 5.2-kb Notl (from the AFixll vector) to Hindi! I fragment 
from *C4, containing exons 2-5 of Dscl. was cloned downstream of the 
neo gene. Vector DNA was linearized and elenroporated into ES cells. 
Neomyc in-resistant clones were isolated and screened by Southern blot 



analysis using BamHI-digested genomic DNA and a probe (1 kb), which 
hybridized to DNA S * to the homologous sequences used in the targeting 
vector (Fig. 2 A). One recombinant ES cell clone was injected into C57BI/ 
6) blastocysts, and the resulting chimeric male offspring were mated with 
female C57BI/6j mice. Tail DNA from agouti offspring was tested for the 
presence of the mutated allele by Southern blot hybridization. Heterozy- 
gous mice were intercrossed to obtain mice, which were homozygous for 
the Dsci-null allele. 

RT-PCR 

Newborn (2-d-old) mice were killed, and their skin was removed and im- 
mersed in 5 mM EOT A in PBS for 3 min at 50°C The epidermis was peeled 
from the dermis, homogenized in Trizol reagent, and total RNA was pre- 
pared according to the manufacturer's instructions (Life Technologies). 
First strand cDNA synthesis was performed from RNA using a kit (Roche) 
and random primers. An aliquot (1 jxl) of the first strand cDNA reaction 
was amplified using primers PI (ACGCAGCACCTTCTCTAAGCAQ and 
P2 (AACGCTCTTTCTCTACTCCTGG), specific for exons 1 and 5, respec- 
tively, and P3 (GGTCCATTTCCACAACACATT) and P4 (TGTACTTCA- 
CACGACTGTCTA), specific for exons 4 and 7, respectively. Clyceralde- 
hyde-3- phosphate dehydrogenase primers (CLONTECH Laboratories, Inc.) 
were added to PCR reactions as a positive control. 

Western blotting 

Epidermis was isolated from 2-d-old mice as above and dissolved in sam- 
ple buffer. Proteins were separated by SDS-polyacrylamide gel electro- 
phoresis and transferred to polyvinytidene di fluoride membrane (Amer- 
sham Pharmacia Biotech). Primary antibodies were JCMC (1:10,000) 
against Dscl (North et al., 1996), JB1 (1:500) against Dsc2 (Hyam, J.L.M., 
personal communication), rabbit anti-mouse Dsc3 (1:100; unpublished 
data; Liu, K., and D. Marshall, personal communication), DG3.10 (1:100) 
against Dsgl+2 (Progen), mouse anti-human PC (1:5,000; Transduction 
Laboratories), and 1 1-5F (1:40) against DP (Parrish et al., 1987). Primary 
antibodies were detected using appropriate peroxidase-conjugated sec- 
ondary antibodies and the ECL detection system (Amersham Pharmacia 
Biotech). 

Histological and immunochemical analysis 

For histological analysis, tissues were fixed routinely in formol saline, em- 
bedded in paraffin, and stained with hematoxylin and eosin. Cell prolifera- 
tion was examined in paraffin sections by staining for Ki67 (Gerties et al., 
1 984). Expression of desmosomal constituents and differentiation markers 
were examined in frozen sections. Tissue was embedded in cryoprotectartt 
(OCT; Miles), frozen in liquid nitrogen, and cryosections fixed in ice-cold 
methanol (5 min). Primary antibodies were jCMC (1:500), PAT-C (1:10) 
against Dsc2 (Messent et al., 2000), DG3.10 (1:50), PG-11E4 (1:100) 
against PG (Zymed Laboratories), 1 1-5F (1:25), MK1 (1:2,500) against ker- 
atin 1 (Covance), MK6 (1:2,500) against keratin 6 (Covance), MK14 (1 :20,000) 
against keratin 14 (Covance), RPmKI 6 (1:500) against keratin 16 (Porter et 
al., 1998a), rat anti-mouse B 4 integrin (10 ngm\; Pharmingen), PCD-1 (10 
MgAnl) against P-cadherin (R&D Systems), rabbit anttinvolucrin (1:100; 
Covance), and rabbit antifilaggrin (1:1,000; Covance). Primary antibodies 
were detected with the appropriate FITC-conjugated secondary antibodies. 
Sections were examined using an Olympus BX49 microscope. 

EM 

Fresh skin was dissected into small pieces (~1 X 1 X 0.5 mm) and fixed 
by immersion in 2% formaldehyde (freshly made from paraformaldehyde 
powder) plus 2% glutaraldehyde in 0.1 M sodium cacodytate buffer (pH 
7.3). Tissues were fixed for 2 h at room temperature and then washed four 
times with cacodytate buffer. They were then post-fixed with 1% osmium 
tetroxide for 2 h, dehydrated through an ethand series, and embedded in 
Spurr's resin. Ultrathin sections were contrasted with uranyl acetate and 
lead citrate and examined on a Philips 400 electron microscope. 

Analysis of skin barrier function 

Dye penetration assays. These were performed as described by Hard man et 
al. (1 998) and Marshall et al. (2000). 

Passive diffusion of solutes. Samples of mouse back skin were clamped in 
continuous flow-through perfusion chambers. l HjO (5 |i.Ci/ml) and 
("Clmamitol (0.1 pCi/mlj were added to the donor compartment, and 
PBS H ml/h) was passed across trie connective tissue side and collected 
hourly for up to 1 8 h. Samples were counted in a Beckman IS 6000 liquid 
scintillation counter, and a steady-state permeability constant (Kp) was cle- 
(ermineri in units of cm/min (Healy et al., 2000; Selvarntnam et aL, 2001 J. 
Experiments were performed at 32*C 
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TEWL. This was determined using a Tewanieter tCourage and Khazakal. 
After decapitation or lialothane anesthesia, a probe (1 cm diameter) was 
applied to die back of 2-d-old animals, and measurements of 1-min dura- 
tion were taken. 

Co miTted envelope preparation 

Epidermis from 2-d-old mice (see above) was heated to 9S*C for 10 min in 
extraction buffer (0.1 M Tris-HCl, pH 6.5, 2% SDS, 20 mM dithiothreitol. 
and 5 mM EOT A), and the cornified envelopes were collected by centrifu- 
gation at 5,000 g for 15 min. The extraction was repeated once, and the 
envelopes were resuspended and stored in extraction buffer. 
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Summary 

The function of the clathrin coat in synaptic vesicle 
endocytosis is assisted by a variety of accessory fac- 
tors, among which amphiphysin (amphiphysin 1 and 2) 
is one of the best characterized. A putative endocytic 
function of amphiphysin was supported by dominant- 
negative interference studies. We have now generated 
amphiphysin 1 knockout mice and found that lack of 
amphiphysin 1 causes a parallel dramatic reduction 
of amphiphysin 2 selectively in brain. Cell-free assem- 
bly of endocytic protein scaffolds is defective in mu- 
tant brain extracts. Knockout mice exhibit defects in 
synaptic vesicle recycling that are unmasked by stimu- 
lation and suggest impairments at multiple stages of 
the cycle. These defects correlate with increased mor- 
tality due to rare irreversible seizures and with major 
learning deficits, suggesting a critical role of amphi- 
physin for higher brain functions. 

Introduction 

Neurotransmission relies on a tightly regulated balance 
between synaptic vesicle exocytosis and endocytosis 
to maintain a pool of functional synaptic vesicles. A 
major pathway through which synaptic vesicle mem- 
branes can be recycled is clathrin -mediated endocyto- 
sis (Cremona and De Camilli, 1997; Brodin et at., 2000). 
Following depolarization -mediated synaptic vesicle fu- 
sion at active zones, membrane retrieval occurs either 
by the formation of individual clathrin-coated vesicles 
or by bulk invagination of the plasmalemmato generate 
endosome-like structures from which clathrin-coated 
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vesicles originate. Once clathrin-coated vesicles have 
pinched off, they rapidly shed their coat and are directed 
back to the cluster of synaptic vesicles, from where 
they can be mobilized for subsequent rounds of release. 
Recently, a variety of accessory factors thought to assist 
the clathrin coat in its function have been identified. 
These include proteins that affect membrane dynamics 
by direct physical interaction, lipid metabolizing en- 
zymes, regulatory components of the actin cytoskele- 
ton, signaling proteins, and adaptor proteins that link 
these factors to each other and to the clathrin coat 
(reviewed in Marsh and McMahon, 1999; Owen and 
Luzio, 2000; Slepnev and De Camilli, 2000). 

In nerve terminals, clathrin -mediated endocytosis oc- 
curs at sites that are spatially segregated from sites of 
exocytosis (Heuser and Reese, 1973; Gad et al., 1998; 
Teng and Wilkinson, 2000). These endocytic zones form 
a belt around the active zones of secretion and are 
regions where components of the endocytic machinery 
are concentrated (Roos and Kelly, 1999). They are also 
enriched in actin (Gad et al. t 2000; Dunaevsky and Con- 
nor, 2000), consistent with evidence that several clathrin 
accessory factors may be components of protein scaf- 
folds that regulate the actin cytoskeleton (reviewed in 
Geti and Riezman, 1998; Qualmann et at., 2000; Slepnev 
and De Camilli, 2000). For instance, the GTPase dy- 
namin, which plays a critical role in fission, also interacts 
with actin binding proteins and may affect actin dynam- 
ics at the synapse through these interactions (Witke et 
al., 1998; Qualmann et al, 1999; McNrven et al., 2000; 
Ochoa et al., 2000). The polyphosphoinositide phospha- 
tase synaptojanin 1 hydrolyzes a pool of phosphatidyl- 
irrosftol-4,5-bisphosphate [PI(4,5)Pz] that participates 
both in clathrin coat recruitment and in actin polymeriza- 
tion at endocytic zones in nerve terminals (Cremona et 
al., 1999; Gad et al., 2000; Harris et al., 2000). Syndapin/ 
pacsin and DAP1 60/intersectin, which bind dynamin 1 
and synaptojanin 1 , are also involved in actin function 
via an interaction with regulatory components (WASP 
and Cdc42, respectively) of the Arp2/3 actin nucleating 
complex (Roos and Kelly, 1998; Qualmann et al., 1999; 
Modregger et al., 2000; Hussain et al., 2001; Wasiak et 
al., 2001). 

One of the best characterized clathrin accessory fac- 
tors is amphiphysin (reviewed in Wigge and McMahon, 
1 998). The amphiphysin protein family is conserved from 
yeast to man and has a three domain structure (see 
Figure 3A); an NH 2 -terminaJ BAR (Bin-Amphiphysin-Rvs) 
domain (Elliott et al., 1999), which mediates binding to 
acidic phospholipids (Takei et al., 1999; Farsad et al., 
2001) and homo/heterodimerization (Wigge et al., 1997a; 
Slepnev et al., 1998; Ramjaun et al., 1999), a central 
. variable domain, and a COOH -terminal Src homology 3 
(SH3) domain that interacts with dynamin 1 and synapto- 
janin 1 (David et al., 1996; McPherson et al., 1996). Two 
isoforms of amphiphysin, amphiphysin 1 and 2, are ex- 
pressed in mammals. Amphiphysin 1 is primarily ex- 
pressed in brain and is the dominant target of autoimmu- 
nity in human paraneoplastic Stiff-man syndrome (De 
Camilli et al., 1993). Amphiphysin 2 is more widely ex- 
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pressed as alternatively spliced isoforms, with the high- 
est levels found in brain and striated muscle (Butler et 
al. ( 1997; Leprince et al., 1997; Ramjaun et al., 1997; 
Wechsler-Reya et al., 1997; Wigge et al., 1997a). The 
predominant neuronal isoforms of amphiphysin 2 form 
heterodimers with amphiphysin 1 and the heterodimer 
is concentrated in nerve terminals (Wigge et al., 1997a; 
Ramjaun et al., 1 997), where it is localized in the presyn- 
aptic cytomatrix and is further enriched on coated endo- 
cytic intermediates (Bauerfeind et al., 1997). Both com- 
ponents of this heterodimer contain in their central 
region binding sites for clathrin and AP-2 (McMahon et 
al. ( 1997; Ramjaun and McPherson, 1998; Slepnev et 
al., 2000), while the muscle isoform of amphiphysin 2 
tacks the clathrin and AP-2 binding sites, suggesting 
functions for these isoforms independent of the clathrin 
coat Similarly, Drosophifa amphiphysin lacks clathrin 
coat binding sites (Razzaq et al. t 2000; Leventis et al., 
2001). Additional proteins that contain a BAR domain, 
but are otherwise different from amphiphysin in their 
domain structure, are expressed in mammals and other 
organisms (Crouzet et al., 1991; Ge and Prendergast, 
2000; Routhier et al., 2001). 

A function for amphiphysin in synaptic vesicle endo- 
cytosis is supported by several lines of evidence in addi- 
tion to its localization and biochemical interaction with 
other endocytic proteins. Expression or microinjection 
of amphiphysin fragments that compete for the binding 
of this protein to any of its major partners, such as 
dynamin, AP-2, and clathrin, strongly inhibits clathrin- 
mediated endocytosis, possibly by titrating out these 
factors, thus demonstrating that these interactions can 
occur in vivo (Shupliakov et al., 1 997; Wigge et al., 1 997b; 
Slepnev et al. t 2000). More importantly, presynaptic mi- 
croinjection of peptides that bind the SH3 domain of 
amphiphysin, and therefore compete its SH3-dependent 
interactions, also severely impair synaptic vesicle endo- 
cytosis (Shupliakov et al., 1997). The interaction of am- 
phiphysin with dynamin affects dynamin 's enzymatic 
activity and oligomeric state (Wigge et al, 1 997a; Owen 
et al., 1998; Takei et al„ 1999). Furthermore, the interac- 
tion of amphiphysin with dynamin and other endocytic 
partners in enhanced by nerve terminal depolarization 
via Ca 2+ -dependent dephosphorylation, when a burst 
of endocytic activity is needed (Bauerfeind et al., 1997; 
Slepnev et al., 1998). Finally, amphiphysin binds and 
deforms lipid bitayers and may, therefore, facilitate 
membrane deformations that accompany vesicle bud- 
ding (Takei et al., 1999; Farsad et al., 2001). 

Additional evidence for a role of amphiphysin in endo- 
cytosis comes from studies in Saccaromyces cerevisiae. 
In this organism, the homolog of amphiphysin, Rvs167, 
forms a heterodimer with Rvs161 —a protein that com- 
prises a BAR domain only (Crouzet et al., 1 991 ; Lombard! 
and Riezman, 2001). Although neither gene is essentia), 
mutations in either one of them produce endocytic de- 
fects that correlate with a disruption of the actin cy- 
toskeleton (Sivadon et a)., 1995). Collectively, these ob- 
servations suggest that amphiphysin may have an 
important role in the physiology of endocytic zones of 
synapses, tt may act as a multifunctional adaptor that 
links cytosolic proteins to the membranes and coordi- 
nates the function of clathrin coat proteins, other acces- 
sory factors, and the actin cytoskeleton. 

In this study, we have used a genetic approach to 



investigate the role of amphiphysin in synaptic physiol- 
ogy. We have generated mice that lack the expression 
of amphiphysin 1 and, as an unexpected consequence, 
also lack brain amphiphysin 2. These mice exhibit syn- 
aptic vesicle recycling defects that are compatible with 
the basic function of the nervous system. However, the 
mice are prone to seizures, which dramatically decrease 
their viability, and exhibit severe learning deficits. 

Results 

Inactivation of the Amphiphysin 1 Gene 
and Resulting Loss of Both Amphiphysin 

1 and 2 in Brain 

The amphiphysin 1 gene was disrupted by insertion of 
a gene encoding a selection marker (neo cassette) in 
the first coding exon (Figure 1A). The occurrence of 
correct recombination events was confirmed by South- 
em blot analysis of ES cells and F2 mice (Figure 1B). 
Homozygous mutant animals were born, and their geno- 
types had normal men delian distribution, revealing lack 
of embryonic lethality.] I hey did not exhibit any obvious 
anatomical or histological changes and appeared to de- 
velop and reproduce normally, although they displayed 
an increased mortality rate after reaching adulthood (see 
below). The expression of the amphiphysin 1 protein 
was completely abolished in homozygous mutant ani- 
mals, as shown by Western blotting analysis of brain 
extracts using a panel of poly- and monoclonal antibod- 
ies directed against either the COOH- or the NH^termi- 
nal region of amphiphysin 1 (Figure 1C and data not 
shown; see also Figure 2B). 

Interestingly, Western blot analysis revealed that ex- 
pression of amphiphysin 2 was also nearly abolished in 
the brain of amphiphysin 1 -deficient animals (Figure 1 C), 
regardless of the developmental stage of mutant ani- 
mals (data not shown). No change in the expression level 
of a variety of other synaptic proteins was observed, 
including the major interacting partners of amphiphysin 
such as dynamin 1, synaptojanin 1, clathrin, and the 
clathrin adaptor AP-2. Levels of intrinsic membrane pro- 
teins of synaptic vesicles were also unchanged (Figure 
1C and data not shown). The parallel disappearance of 
amphiphysin 1 and 2 was confirmed by immunofluores- 
cence staining of brain frozen sections (data not shown) 
and of cortical neurons in culture (Figure 1D). While 
amphiphysin 1 and 2 colocalize with the synaptic marker 
synaptophysin in wild-type neurons, the immunoreactiv- 
ity for both proteins, but not for synaptophysin, is absent 
in knockout neurons (Figure 1 D and data not shown). 
By Northern blot analysis expression levels of the 2.2 
kb transcript encoding amphiphysin 2 were comparable 
in wild-type and knockout brain (Figure 2A), suggesting 
that transcriptional mechanisms do not account for the 
downregulation of amphiphysin 2 in mutant brain. In 
skeletal muscle, where a shorter isoform of amphiphysin 

2 is expressed and where amphiphysin 1 is undetectable 
(Figure 2B and see also Butler et al., 1997; Wigge et al., 
1997a), amphiphysin 2 protein levels were not affected 
(Figure 2B). These data suggest that amphiphysin 1 is 
required for the stability of amphiphysin 2 only in neu- 
rons, where the two isoforms are primarily found as 
heterodimers and colocalize accordingly (Figure 2C; see 
also Ramjaun et al., 1997; Wigge et al., 1997a; Slepnev 
etal., 1998). 
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Figure 1. Generation of Amphiphysin 1 Knockout Mice and Down regulation of Amphiphysin 2 Expression 

(A) Schematic diagram showing the amphiphysin 1 gene locus, the targeting vector, and the mutant allele following homologous recombination. 
The neo cassette substitutes part of the first coding exon and part of the following intron. The EcoRV restriction sites and the probe used 
for the Southern blot analysis are indicated. 

(B) Southern blot of EcoRV-dlgested genomic DNA from wild-type (+/+) and heterozygous (+/-) ES cell clones and from wild- typo (+/+), 
heterozygous (+/-), and homozygous mutant mice {-/-) of the F2 generation. 

(C) Western blot of brain extracts from wild-type and knockout mice with antibodies directed against either amphiphysin 1 or 2 or several 
other synaptic proteins, including major interacting partners of amphiphysin 1 (HC, heavy chain). The knockout extract contains no amphiphysin 
1 and drastically reduced levels of amphiphysin 2. 

(D) Double immunofluorescence of primary cultures of cortical neurons prepared from the brain of wild-type and knockout mice. Sections 
were stained for either amphiphysin 1 or 2 (amph) and counterstaJned for the presynaptic marker synaptopnysin (syn). Lack of amphiphysin 
1 expression correlates with loss of amphiphysin 2 immunoreactivity in knockout neurons. Residual Immunoreactivrry found in the nucleus 
may represent a nuclear pool of amphiphysin 2 (Wechster-Reya et a I., 1997). Scale bar - 15 ixm. 



Defective Cell- Free Assembly of Endocytic 
Protein Complexes in Brain Extracts 
of Amphiphysin 1 Knockout Mice 
The properties of the amphiphysin 1/2 heterodimer to 
bind and deform lipid bilayers (Takei et al., 1999) and 
to interact with several endocytic proteins (Figure 3A; 
see also Wigge and McMahon, 1998) suggest that it 
functions as a multifunctional adaptor at the membrane. 
We tested this putative function of amphiphysin by de- 



termining in cell-free reactions whether the formation 
of complexes among these proteins, or between these 
proteins and lipid bilayers, was affected by the lack of 
the amphiphysin 1/2 heterodimers from brain cytosol. 
Liposomes composed of total brain lipids were incu- 
bated with cytosol from wild-type and mutant brain in 
the presence of nucleotides (Cremona et al., 1 999; Gad 
et al., 2000). Proteins bound to membranes were then 
isolated by uttracentrifugation and analyzed by quantita- 
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Figure 2. Selective Loss of Amphiphysin 2 in Brain whore Amphiphysin 1 and 2 Form Heterodimera and Colocallze 

(A) Northern blot analysis showing norma) levels of amphiphysin 2 mRNA in knockout brain. Actin mRNA was used as a control for loading. 
mRNA levels were quantified by phosphoimagtng, and amphiphysin 2 mRNA levels were normalized to those of actin mRNA (n = 2). 

(B) Western blot analysis of brain and skeletal muscle extracts from wild-type and knockout mice using anti-amphiphysin 1 and antJ-amphiphysin 
2 antibodies. While amphiphysin 1 1s only detected in brain, amphiphysin 2 ts expressed at high levels In both brain and skeletal muscle, but 
as iso forms of different molecular weight In mutant mice, the down regulation of amphiphysin 2 expression levels occurs selectively In brain, 
(q Double immunofluorescence of cultured cortical neurons from wild-type mice showing precise co localization of amphiphysin 1 with 
amphiphysin 2 at synaptic sites. Inset higher magnification. 



tive immunoblotting along with proteins in the starting 
cytosols. While levels of all proteins examined were the 
same in the starting cytosol {data not shown), the recov- 
ery of clathrin (heavy chain) and AP-2 (a-adaptin) in 
the "bound" fraction was reduced by 40% and 25%, 
respectively, in mutant extract relative to wild-type ex- 
tract (Figures 3B and 3C). A 40% decrease in the recov- 
ery of the polyphosphoinositide phosphatase synapto- 
janin 1 was also observed. Accordingly, incubation of 
the pelleted liposomes in the presence of ffi P-labeled 
ATP after the binding reaction resulted in an increased 
level of [ 32 P]-PI(4,5)P 2 , most likely reflecting altered 
PI(4,5)P 2 turnover due to decreased synaptojanin 1 -medi- 
ated PI(4 ( 5)P 2 hydrolysis (Figure 3D). The recovery of 
dynamin t in the "bound" fraction of liposomes was not 
affected by the lack of amphiphysin 1 (Figure 3B and 
3C). This observation most likely reflects, at least in part, 
the direct binding of dynamin to lipid membranes via 
both its pleckstrin homology (PH) domain and the re- 



cently identified additional lipid binding site (Burger et 
a!., 2000). As it was shown previously, although amphi- 
physin does not enhance dynamin recruitment to lipo- 
somes, it affects the morphology and the properties of 
dynamin oligomers at the surface of liposomes (Takei 
et at., 1999). 

We further investigated the potential adaptor function 
of amphiphysin in the assembly of endocytic proteins 
in brain, by performing affinity chromatography of a de- 
tergent brain extract from wild-type and knockout mice 
on the COOH-terminal proline-rich tail of dynamin 1 
(GST-PR0)^i.e., the amphiphysin binding domain of dy- 
namin. The use of wild-type extracts for these experi- 
ments leads to the affinity purification not only of amphi- 
physin 1 and 2 and other direct interactors of dynamin's 
tail, such as endophilin and intersectin, but also of 
clathrin and AP-2 (Figure 3A; see also Slepnev et al., 
1998). Immunoblotting of the affinity-purified material 
revealed a reduction in AP-2 (a-adaptin) and clathrin 
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Figure 3. Evidence for a Rote of Amphiphysin 
as an Adaptor Protein in the Recruitment of 
Cytosolic Endocytic Complexes 
(A) Schematic drawing depicting the struc- 
ture of amphiphysin 1 and its interactors, 
(B and C) Recovery of endocytic proteins on 
liposomes f ©(lowing their incubation with 
brain cytosol from wild-type and knockout 
mice In the presence of ATP and GTP. Repre- 
sentative Western blots are shown In (B), and 
a quantification by phospho imag in g of re- 
sults from three experiments is shown In (C). 
Note the absence of amphiphysin 1 and 
the selective decrease of clathrin, AP-2 
(a-adaptin subunlt), and synaptojanin lin the 
"bound* material from knockout animals. 

(D) Quantification of **P incorporation into 
P\[AJ5)P t In liposomes that were first incu- 
bated with brain cytosol in the presence of 
GTP and cold ATP, washed, and subse- 
quently incubated with [VP] ATP. Decreased 
recovery of synaptojanin 1 in membranes 
shown in (B) and (C) correlates with increased 
labeling of PI(4^)P t . 

(E) Western blot analysis of a representative 
affinity chromatography experiment from 
wild-type and mutant brain extracts on GST 
alone, or GST fused to the proline- rich do- 
main (PRD) of dynamin 1 . The first two lanes 
show starting materia) from both genotypes. 
Mock affinity purificatlons(lackof extract) are 
Included as indicated. The knockout brain ex- 
tract used for the last lane was supplemented 
with recombinant amphiphysin 1 at physio- 
logical concentration. The PRO of dynamin 
affinity purines less clathrin and AP-2 from 
knockout cytosol and exogenous amphiphy- 
sin 1 rescues the effect 

Values In (C) and (D) denote moans ± SO. 
The p value from a Student's t test analysis 
is indicated. 



binding, but not in that of endophiiin and intersectin, 
when brain extracts from knockout animals were used 
(Figure 3E), consistent with a bridging function of amphi- 
physin. This decrease was rescued by the addition to 
the knockout extract of recombinant amphiphysin 1 at 
physiological concentration prior to affinity purification. 
Collectively, these results provide strong evidence for 
a role of amphiphysin in the assembly of endocytic com- 
plexes at the membrane. 

Decreased Stimulus-Dependent Labeling 
of Synaptic Vesicles Following a "Pulse" 
Incubation with an Endocytic Tracer 
In spite of the biochemical results described above, no 
obvious ultrastructural differences were observed by 
electron microscopy in synapses of wild-type and mu- 
tant neurons both in brain tissue or in cultures. No accu- 
mulation of endocytic intermediates was observed in 
mutant synapses and the number of synaptic vesicles 
per synapse was the same in the two genotypes (data 
not shown). To assess the possible occurrence of syn- 
aptic vesicle recycling defects that could be unmasked 
by stimulation, we used two distinct and complementary 
approaches. 

First, we performed experiments on cerebral cortex 



synaptosomes. This preparation allows for the analysis 
of exo- and endocytosts on a global synaptic population, 
thus avoiding possible bias due to uneven neuronal 
sampling. Furthermore, synaptosomes, in contrast to 
neuronal cultures (see below), reflect the properties of 
synapses in the adult brain. Using a well established 
fluorimetry -based gtutamate release assay (Nicholls and 
Sihra, 1986), we found no difference in the kinetics or 
amount of glutamate release between wild-type and 
knockout synaptosomes upon high K + stimulation, 
which points to a normal exocytic function in knockout 
synapses (Figures 4A and 4B). Fluorescent amphipathic 
styryl dyes were then used to study synaptic vesicle 
recycling. We employed FM2-10 for these experiments, 
because it has the fastest "off rate" among commonly 
used styryl dyes and was shown to give a good signal- 
to-noise ratio in synaptosomes (Cousin and Robinson, 
1998; Marks and McMahon, 1 998; Cousin and Robinson, 
. 2000). We started by determining the ability of synapto- 
somes to internalize the dye into vesicular compart- 
ments in a stimulation-dependent fashion. Briefly, syn- 
aptosomes were preincubated with FM2-10 and 
depolarized for 90 s by the addition of high K + in the 
continued presence of dye. Then, after a brief wash, 
synaptosomes were hypotonically lysed, subjected to 
low-speed centrifugation, and the fluorescence trapped 
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Figure 4. Normal Glutamate Release but Defective Recycling of FM2-10 in Knockout Mice 

(A) Fluorimetric tracings of wild-type and knockout synaptosomes showing comparable Ca*+-dependent glutamate release for both genotypes 
after stimulation with 30 mM KCI. 

(B) Quantification of total glutamate release after stimulation with 30 mM KCI for 8 mi n. 

(C) Recovery of FM2-10 In a low speed supernatant of lysed synaptosome3 after a first round of stimulation with 30 mM KCI in the presence 
of dye. The amount of dye trapped In this traction (endosomes and 3mall vesicles) was smaller In mutant synaptosomos. 

Values in (B) and (C) denote means ± SEM (n = 3). The p value from a Student's t test analysis is indicated. 

(D) Fluorimetric tracing of wild-type and knockout synaptosomes showing high K + -de pendent unloading of FM2-10 following a first round of 
stimulation in the presence of dye and a 10 min incubation in dye-free low K + to allow for recycling of the dye into the re leasable vesicle 
pool. A tracing showing dye unloading of wild-type synaptosomes In the presence of 2 mM EGTA is also shown. 



within membranous organelles of the supernatant, which 
include primarily endosomes and small vesicles, was 
measured by fluorimetry. This assay revealed a 40% 
decrease in the depolarization-dependent internaliza- 
tion of dye in knockout synaptosomes, compared to 
wild-type synaptosomes (Figure 4C). In the next series 
of experiments, synaptosomes were stimulated for 90 s 
in the presence of dye, further incubated for 10 min in 
dye-free medium to allow for chasing of the dye into 
releasable synaptic vesicles, and finally exposed to a 
second high K + incubation to induce exocytotic release 
of the dye. Under these assay conditions, knockout 
synaptosomes released significantly less FM2-10 than 
wild-type synaptosomes (Figure 4D), suggesting that 
synaptic vesicle recycling efficiency is also reduced in 
amphiphystn 1 -deficient nerve terminals. 

Second, we used electron microscopy in combination 
with the fluid-phase uptake of the endocytic marker 
horseradish peroxidase (HRP) to monitor formation of 
endocytic intermediates in cultured cortical neurons 
(Heuser and Reese, 1973). Neurons were grown in cul- 
ture for at least 2 weeks to allow for the formation of 
numerous synaptic contacts (see Figure 1 D). They were 
then preincubated with HRP for 3 min, stimulated with 
high for 90 s (or mock-incubated in low K + ) in the 
continued presence of the tracer, fixed, and processed 
for electron microscopy analysis. High stimulation 
produced a significant increase in the HRP labeling of 



synaptic vesicles and endosomal structures as ex- 
pected (Figure 5A). However, morphometric analysis in- 
dicated that the fraction of HRP-labeled synaptic vesi- 
cles and endosome-like structures was significantly 
reduced in knockout synapses relative to wild-type after 
stimulation, demonstrating the occurrence of a recycling 
defect in knockout animals (Figures 5B and 5C). No 
statistical difference in the number of labeled organelles 
was found under resting conditions (Figures SB and 5C). 

Smaller Recycling Vesicle Pool Size, Slower 
Destaining Kinetics, and Delayed Vesicle 
Repriming in Mutant Nerve Terminals 
The reduced stimulus-dependent dye uptake into vesic- 
ular compartments described above could be explained 
by a delayed endocytic uptake of the tracers but also by 
a smaller size of the recycling pool of synaptic vesicles. 
Although the number of vesicles per synapse appears 
to be normal, the functional recycling pool could be 
smaller. To determine the possible contribution of a 
smaller functional recycling vesicle pool and to validate 
the results described above with a more physiological 
stimulus, we performed styryl dye uptake and release 
studies in paired cortical cultures from wild-type and 
mutant animals using action potential trains of variable 
duration at 20 Hz. Cultures were first exposed to an 
initial dye-staining step with FM1-43 using a variable 
number (x) of action potentials (where x ranges from 20 
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Figure 5. Decreased Labeling of Synaptic 
Vesicles and Endosome-like Structures after 
a "Pulse" Incubation with the Fluid Phase 
Tracer HRP in Synapses of Mutant Cortical 
Neurons In Culture 

(A) Electron micrograph of wild-type synapse 
stimulated with 90 mM KCI f or 90 s tn the 
presence of tracer. A fraction of synaptic ves- 
icles is labeled by HRP (arrowshoads). HRP- 
labeled objects defined as endosome-fike 
structures are Indicated by arrows. Scale 
bar = 100 nm. 

(B) Mo rp ho metric analysts indicating the per- 
centage of total small vesicles that are la- 
beled by HRP. The stimulation-dependent in- 
crease in the labeling of synaptic vesicles is 
greater for wild- type synapses than for 
knockout synapses. 

(C) Percentage of HRP -labeled endosomal 
structures over total number of objects (small 
vesicles plus labeled endosomal structures). 
Even tn this case, the stimulation-dependent 
increase In the labeling of endosomes is less 
pronounced In the case of mutant synapses. 
Values denote means ± SEM, and p values 
according to ANOVA are indicated. 



to 800) followed by an additional 90 s incubation in the 
continued presence of the dye in order to label endocytic 
vesicles whose formation tags behind the interruption 
of the stimulus. Then, after a 10 min washing period to 
allow for the chasing of the dye into the releasable pool 
vesicles, internalized dye was released by a stimulus 
protocol previously shown to result in maximal destag- 
ing (Ryan, 1999). The amount of released dye gives an 
estimate of the dye taken up in the staining period and 
thus an estimate of the fraction of synaptic vesicles 
that underwent exocytosts during a particular action 
potential stimulus in the dye-loading step. 

The total amount of dye uptake with different number 
of action potentials was normalized to the uptake at 600 
action potentials in wild-type terminals and plotted as 
a function of action potential numbers (Figure 6A). As 
expected, there was clearly an increase in the size of 
the vesicle pool that is mobilized with a longer stimulus 
train in both wild-type and knockout cultures. However, 
the recycling vesicle pool was 25%-30% smaller in the 
knockout cultures compared to the wild-type cultures 
over the entire range of action potential stimuli. 

The experiments described in Figure 6A, which 
showed a smaller total recycling vesicle pool size in 
knockout cultures, also allowed us to determine whether 
there was a difference in the fraction of the recycling 
pool that is engaged by a given duration of action poten- 



tial train in knockout cultures. To this aim, each of the 
FM1 -43 uptake values from Figure 6A was normalized 
to the uptake at 600 action potentials for both wild-type 
and knockout cultures. Comparison of the two sets of 
values revealed a statistically significant defect in the 
fractional pool of vesicles mobilized at intermediate AP 
stimuli in knockout synapses. The fractional pool mobi- 
lized at 200 and 300 AP was 0.61 ± 0.02 and 0.74 ± 
0.02 for wild-type cultures (n = 265 boutons, three ex- 
periments) and 0.54 ± 0.01 and 0.61 ± 0.02 for knockout 
cultures (n = 288 boutons, three experiments). 

We also measured the destaining kinetics of synaptic 
terminals loaded with FM1 -43 during a 600 action poten- 
tial stimulus. A delay in the delivery of newly internalized 
vesicles to the releasable vesicle pool would be re- 
flected in a greater time constant for dye release. Onset 
of the stimulus was associated with a decline in fluores- 
cence in both wild-type and knockout synaptic terminals 
(Figure 6B). The decline in fluorescence was identical 
until 100 action potentials, the fifth time point measured. 
However, at later time points (>200 action potentials), 
there was a statistically significant delay in the destain- 
ing kinetics of knockout terminals relative to wild-type 
terminals. The time constant of destaining was 17.6 ± 
0.6 s in wild-type compared to 21.1 ± 0.5 s in knockout 
terminals (p < 0.02, n = 3). 

The slower destaining kinetics of FM1 -43-loaded syn- 
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Figure 6. Defects in Synaptic Vesicle Dy- 
namics Revealed by FM1-43 Studios in Syn- 
apses of Knockout Mice 

(A) Measurement of synaptic vesicle func- 
tional pool size in response to action potential 
(AP) trains of variable duration at 20 Hz. Corti- 
cal cultures were first loaded with FM1-43 
during a train of APs (abscissa), then, after a 
1 0 min wash-out period, they were subjected 
to two rounds of AP trains at 20 Hz (separated 
by a 2 min rest period) to ensure complete 
dye release. The total amount of dye released 
during the d ©staining period gives an esti- 
mate of dye uptake into synaptic vesicles dur- 
ing the staining period, and, Indirectly, of the 
vesicle pool size engaged In exo-endocytosis 
during the same period. Values of FM1-43 
uptake at different AP stimuli for both wild- 
type and mutant synapses were normalized 
to the uptake at 600 APs in wild-type syn- 
apses. Mutant cultures have a smaller vesicle 
pool size. The total FM1-43 uptake at 600 
AP stimuli was 3969 ± 73 (a.u.) In wild-type 
cultures (n = 635 boutons, five experiments) 
compared to 2867 ± 45 (a.u.) In knockout 
cultures (n = 725 boutons, six experiments), 
statistically significant at p < 0.001 , Student's 
ttest 

(B) Following FM1-43 loading with 600 APs 

at 10 Hz, the time course of destaining differs between wild- type and mutant nerve terminals. Destaining of knockout synapses lags behind 
wild-type. Comparable results were obtained in six other experiments. 

(C) Time course of vesicle reprinting. The inset shows the experimental protocol. Nerve terminals were stimulated, during a 5 s exposure to 
FM1-43, by a train of action potentiate at 20 Hz that exceeded the period of dye exposure by an amount of time At The resulting dye uptake 
was measured during a subsequent destaining stimulus at 20 Hz after a 10 min rest The dye uptake at ot = 0s (FJ represents the total 
number of releasable vesicles engaged by the stimulus. The dye uptake measured in runs where At > 0s (F*) provides an estimate of vesicle 
depletion, due to fusion of reprimed vesicles, during the additional action potential stimulation after dye washout The data points represents 
the fraction depleted (F„ - F^/F^ as a function of At The data are from a total of 80-165 boutons for each time point In both wild-type and 
knockout cultures. Error bars are ± SEM. 
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aptic terminals could be due to a delay in repriming 
time, defined as the time that elapses before newly en- 
docytosed vesicles become available for a new round 
of release (Ryan and Smith, 1995). We tested this hy- 
pothesis by cfirectly measuring the repriming time 
course in cultured cortical neurons (Figure 6C). Nerve 
terminals were loaded with FM1 -43 for a fixed period of 
5 s, during a train of action potentials at 20 Hz that 
exceeded the period of dye exposure by an amount 
of time At (inset in Figure 6C). The total fluorescence 
incorporated into vesicles was measured 10 min later 
using a maximal destaining stimulus (F^). These data 
were normalized to the average fluorescence in brack- 
eted control and recovery runs, when the stimulation 
was terminated at exactly the same time as the washout 
of dye (At = 0, Fo). The ratio (F 0 - F^/FJ represents the 
fraction of the fluorescence that was depleted during 
the additional period of stimulation and reflects the time 
course of gain in rerelease-competence of recently en- 
docytosed vesicles. Any delay in the endocytic journey 
of the vesicle will prolong this time. Results of such 
analyses show that both wild-type and amphiphysin 
1 -deficient nerve terminals released about 80% of the 
endocytosed vesicles in the next 1 20 s of continuous 
stimulation. However* mutant nerve terminals showed 
a significant delay in dye depletion compared to wild- 
type terminals (at At = 1 5 s, wild-type was 60% depleted 
compared to 20% in knockout cultures, p < 0.001). The 
time to deplete 40% of dye taken up was 12 s in the 



wild-type terminals compared to 17 s in the knockout 
cultures. Thus, a delay in repriming of vesicles may at 
least partially account for the slower destaining kinetics 
observed in knockout cultures (Figure 6B). 

Collectively, these results demonstrate the occur- 
rence of complex recycling defects in amphiphysin 
knockout terminals, which range from a decreased func- 
tional recycling pool size to delayed recycling and re- 
priming rates. 

Reduced Viability and Increased Susceptibility 
to Seizures in Amphiphysin 1 Knockout Mice 
Given the cell biological defects described above at 
synapses of knockout animals, we further investigated 
changes at the organismal level. A significant decrease 
in survival rate was observed in the amphiphysin 1 
knockout colony, such that only 50% of the animals 
survived to 10 months of age, as compared with 95% 
for wild-type mice (Figure 7A). Animals were found dead, 
mainly between 2 and 5 months of age, with no previous 
decrease in body weight or other noticeable health prob- 
lems. To document what appeared to be sudden death, 
continuous digital camera monitoring of a small group 
of animals was performed. This approach revealed the 
occurrence of rare spontaneous seizures. Death re- 
sulted from seizures that reached a tonic extension and 
failed to resolve. Such an observation suggested that 
amphiphysin 1 knockout mice may exhibit a lower 
threshold to seizures compared to wild-type animals. 
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Figure 7. Amphiphysin 1 Knockout Mice Exhibit Increased Mortality 
and a Higher Propensity to Seizures 

(A) Survival curves showing reduced viability of knockout mouse 
colonies at adult age. Animals die from rare irreversible seizures. 

(B) Time (latency) required for wild-type and knockout mice to de- 
velop three phases of epBepsy after repeated Intraperitoneal injec- 
tions of pentamethylenetetrazole (metrazol), an epileptogenic 
GABAa receptor antagonist No difference Is observed for the first 
phase (first twitch), but amphiphysln 1 knockout mice progress sig- 
nificantly faster to the hyperkinetic tonic-ctonlc phase and finally to 
tonic extension and death. Values denote means ± SEM (n = 7 for 
wild-type; n = 10 for knockout). P values from a Student's t test 
analysis are indicated. 



To test this hypothesis, we investigated the response 
of the animals to intraperitoneal injections of pentameth- 
ylenetetrazole (metrazol), an epileptogenic GABA* re- 
ceptor antagonist (Tecott et al., 1995). Increasing blood 
levels of the drug results in a series of well-defined 
responses that start with intermittent body twitches, 
leading to hyperkinetic tonic -clonic seizures and finally 
to atonic extension and death. Whereas the time lag to 
the first neurological symptoms (first twitch) was com- 
parable in both genotypes, knockout mice progressed 
significantly faster to the next two phases (tonic-clonic 
and tonic extension, respectively), demonstrating an in- 
creased propensity to seizures (Figure 7B). 

Amphtphystn 1 Knockout Mice Exhibit 
Cognitive Defects 

Considering the synaptic vesicle recycling defects re- 
vealed by our studies, the lack of impairment in nervous 
tissue function, besides occasional seizures, was puz- 
zling. Behavioral tests were therefore performed to as- 



sess higher brain function. We first examined the spatial 
learning ability of amphiphysin 1 knockout mice using 
the Morris water maze task (Morris, 1989). Mice were 
trained on a task in which they searched for a hidden 
submerged platform in order to escape from water, us- 
ing visual cues from the environment. The escape la- 
tency, recorded over several sessions, revealed a pro- 
gressive improvement of the performance in all animals. 
However, a striking learning deficit in the mutant animals 
was detected (Figure 8A). After training in the hidden 
platform test, the transfer test in which mice were al- 
lowed to swim freely for 60 s following removal of the 
platform, was performed. A measurement of quadrant 
occupancy revealed that wild-type mice spent signifi- 
cantly more time in the quadrant where the platform had 
been originally located, whereas mutant mice did not 
(Figure 8C). Moreover, crossings of amphiphysin 1 
knockout mice over the original platform location were 
significantly lower compared to wild-type animals (Fig- 
ure 8D). No difference in path length was observed be- 
tween the two genotypes (Figure 8E), indicating that 
swimming ability is not impaired in knockout mice. To 
rule out any differences in visual acuity, locomotor activ- 
ity, or motivation, mice were trained on a visible platform 
test, in which the platform was placed above the surface 
of the water with a prominent "flag" attached to it The 
escape latency was recorded over the course of 4 days. 
During this time, the performance of mice from both 
genotypes improved, although less dramatically in the 
case of mutant mice (Figure 8B). These results strongly 
suggest that amphiphysin 1 knockout mice exhibit defi- 
cits in learning that may not be only restricted to spatial 
learning. 

To assess whether other forms of learning are im- 
paired in mutant mice, we performed a fear-conditioning 
test (Paylor et al., 1 994), which measures an amygdala- 
dependent form of associative emotional learning (re- 
viewed in LeDoux, 2000). In this paradigm, an innocuous 
conditioned stimulus (tone) elicits fear response after 
being associatively paired with an aversive uncondi- 
tioned stimulus (footshock). The fear response is mea- 
sured by the frequency of freezing behaviors, which is 
defined as a stereotyped motionless crouching posture. 
Amphiphysin 1 knockout mice exhibited very mild fear 
responses in both the context test and the auditory cue 
test compared to their wild-type littermates. In contrast, 
the fear response generated by a novel context was 
comparable for both genotypes (Figure 8F). As a control, 
nociceptive reactions to footshocks were also investi- 
gated for both genotypes and were found to be compa- 
rable (data not shown). Altogether, our data indicate 
that amphiphysin 1 knockout mice exhibit major teaming 
deficits, which are not restricted to spatial learning def- 
icits. 

Discussion 

The results of this study show that in mammals amphi- 
physin function is required for efficient synaptic vesicle 
recycling. The data further demonstrate that a partial 
impairment of this process, and possibly of other mem- 
brane recycling pathways at the synapse, is compatible 
with the basic operation of the nervous system, although 
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Figure 8. Amphiphysin 1 Knockout Mice Exhibit Learning Deficits in the Morris Water Maze Task (A-E) and In the Fear Conditioning Task (F) 
5- to 7-month-old wild-type or knockout animals were used. All values denote means ± SEM. 

(A) Learning curve indicating the time required to reach the hidden platform over seven days (n = 18 for each genotype). Statistical analysis 
was performed by two-way ANOVA for repeated measures. 

(B) Latency to find the visible platform over the course of four sessions, 

(C-E) Transfer test performance after the acquisition trials of the hidden platform task. 

(C) Bars represent the time spent in the four quadrants (target, adjacent 1 , adjacent 2, and opposite). Wild-type animals spent significantly 
more time fn the quadrant that originally contained the platform than in each of the other quadrants. This was not the case for knockout 
animals. 

(D) Number of crosses over the area that originally contained the platform during the transfer test were significantly lower for knockout animate 
relative to wild-type. P values from Mann-Whitney IMest are Indicated. 

(E) Path length (cm) during the transfer test No statistical difference was observed between the two genotypes. 

(F) Freezing responses in the fear conditioning test (n = 9 for each genotype). Amphiphysin 1 knockout mice exhibited significantly less 
freezing behavior than wild-type mice in both the context test and the auditory cue tost Comparable responses to altered context were 
observed for both genotypes. Statistical analysis was performed according to Student's t test, and p values are indicated. 



it is associated with decreased viability and with defects 
in higher brain function. 

At the molecular level, a striking consequence of the 
lack of amphiphysin 1 expression in brain was the nearly 
complete disappearance of amphiphysin 2. Since levels 
of amphiphysin 2 mRNA are unchanged in the brain of 
mutant mice, this phenomenon is likely to result from 
decreased stability of amphiphysin 2 and is consistent 



with the reported occurrence of amphiphysin 1 and 2 
primarily as stable heterodimers in brain (Wigge et al., 
1997a; Ramjaun et al., 1997; Slepnev et al., 1998). No 
downregulation of amphiphysin 2 occurs in skeletal 
muscle where this protein is normally expressed at very 
high levels without amphiphysin 1 (Butler et al., 1997). 
It remains to be determined whether the stability of this 
skeletal muscle isoform, which differs from the major 
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brain amphiphysin 2 isoform (Butler et al., 1997), is ac- 
counted for by its greater intrinsic resistance to proteo- 
lytic degradation or different proteolytic machinery in 
muscle, by heterodimerization with another BAR do- 
main-containing protein, or by its localization in a sub- 
cellular compartment which protects it from high 
turnover. 

The property to form dinners, which resides in the BAR 
domain, is a conserved feature in the amphiphysin family 
of proteins, since it also applies to yeast Rvs167, which 
heterodimerizes with Rvs161 (Navarro etal., 1997; Lom- 
bardi and Riezman, 2001). Furthermore, deletion of ei- 
ther the RVS167 or the RVS161 gene leads to a signifi- 
cant decrease in the half-life of the protein encoded 
by the other gene. Interestingly, overexpression of the 
Rvs161 protein in the RVS167 knockout strain aggra- 
vates, ratherthan rescues the abnormal phenotype, indi- 
cating that the stoichiometry of interaction between re- 
lated amphiphysin isoforms is a critical parameter for 
their function (Wigge et al., 1997a; Lombard) and Riez- 
man, 2001). 

Our biochemical results strongly support the hypothe- 
sis that one of the functions of brain amphiphysin is 
to act as a multifunctional adaptor connecting various 
cytosolic components of the endocytic machinery to 
each other and to the lipid bilayer (Takei et al., 1999). 
They suggest that amphiphysin may contribute to the 
recruitment of clathrin, AP-2, and synaptojanin 1 to the 
membrane. Moreover, although binding of dynamin to 
lipid bilayers was not dependent upon amphiphysin un- 
der our in vitro conditions, affinity purification experi- 
ments on the proline-rich tail of dynamin demonstrated 
that amphiphysin can indeed act as a bridge between 
clathrin coat components and dynamin. Thus, amphi- 
physin may help to coordinate the function of all these 
proteins at the membrane. Furthermore, the direct bind- 
ing of dynamin to membrane in situ may undergo regula- 
tion, and a contribution of amphiphysin to dynamin re- 
cruitment in vivo cannot be ruled out 

The defects revealed by our cell-free approaches did 
not correlate with obvious morphological changes in 
mutant synapses. However, changes in the efficiency 
of synaptic vesicle recycling were demonstrated by a 
variety of physiological approaches after synapse stimu- 
lation. These include decreased uptake of extracellular 
tracers into small vesicles after an endocytic labeling 
pulse and a slower recycling time as demonstrated by 
a delay in styryl dye unloading, both during a prolonged 
stimulus (minimum repriming time) and after recovery 
from a stimulus (destaining kinetics). Consistent changes 
were observed both in synaptosomes and in synapses 
of cultured cortical neurons. Based on FM1-43 experi- 
ments in cultured neurons, the pool size of recycling 
synaptic vesicles also appeared to be smaller. This find- 
ing cannot merely be accounted for by a difference in 
the number of synaptic vesicles per synapse, based on 
both biochemical (comparable levels of synaptic pro- 
teins in brain homogenates) and morphometry results. 
Thus, the lack of amphiphysin seems to affect several 
stages of recycling. It seems likely, that although the 
kinetics of endocytosis is not perturbed (data not 
shown), the fate of vesicles endocytosed in the absence 
of amphiphysin is altered such that capacity for subse- 
quent reuse of synaptic vesicles is diminished- This 



could arise for example if amphiphysin plays a role in 
mediating the correct sorting of components necessary 
for efficient postendocytic trafficking to the budding 
membrane. Although some data could also be explained 
by the occurrence of a partial defect in exocytosts (for 
example, the delay in dye unloading after stimulation), 
the normal glutamate release observed in synapto- 
somes argues against a significant impairment of this 
process, ft remains possible that the upregulation of 
a putative "kiss-and-run" recycling pathway partially 
compensates for recycling defects in knockout animals 
and contributes to glutamate release stability during 
prolonged stimulation. 

The complex recycling defects may be the results of 
adaptive changes triggered by an endocytic defect 
They may also depend on actions of amphiphysin that 
are linked to its proposed, albert not yet understood, 
function in actin cytoskeleton dynamics. Such a function 
is suggested by the severe disruption of actin cytoskele- 
ton that is observed in rvsf 67 and rvs161 yeast mutants, 
in addition to endocytic defects (Srvadon et at, 1995; 
Lombard! and Riezman, 2001). So far, evidence for a 
role for amphiphysin in actin dynamics in mammalian 
cells is only indirect (Mundigl et aU 1998), but the puta- 
tive role in actin function of some of its partners, dynamin 
and synaptojanin, support this possibility (Sakisaka et 
al., 1 997; Gad et al., 2000; McNiven et al., 2000). Further- 
more, the occurrence of amphiphysin 2 isoforms that 
lack clathrin and AP-2 binding sites points to functions 
of amphiphysin that are unrelated to the clathrin coat 

Interestingly, acute disruption of amphiphysin func- 
tion at synapses of stimulated giant lamprey axons by 
microinjection either of peptides that bind specifically 
the SH3 domain of amphiphysin (Shupfiakov et at, 1997) 
or of anti-lamprey amphiphysin antibodies (N. Tomilin, 
M. Marcucci, H. Gad, P. Low, V. Slepnev, L Brodin, 
P.D.C., and O. Shupliakov, unpublished data) produce 
more severe vesicle recycling defects than those re- 
ported here. Compensatory changes dependent upon 
the presence. of proteins whose function is partially re- 
dundant with that of amphiphysin may explain the lack 
of a dramatic cellular phenotype in neurons of mice that 
develop in the absence of amphiphysin. It is of note that 
an acute anttsense-mediated inhibition of amphiphysin 
1 expression in cultured neurons results in major defects 
of neurite outgrowth (Mundigl et al., 1998), whereas this 
process occurs normally in mutant neurons. A puzzling 
observation is the lack of biochemical evidence for an 
interaction between amphiphysin and dynamin in Dro- 
sophita (Razzaq et al., 2001), where the synaptic dy- 
namin interacting network seems to be at least partially 
different from the corresponding mammalian one (Roos 
and Kelly, 1998). In Drosophiia, the single amphiphysin 
gene lacks clathrin and AP-2 binding sites and is abun- 
dantly expressed in skeletal muscle (Razzaq et al., 2001 ). 
Accordingly, amphiphysin-deficient flies predominantly 
show a muscle phenotype (Razzaq et al., 2001; Zelhof 
et al., 2001). In mammals, the presence of two neuronal 
isoforms of amphiphysin (amphiphysin 1 and the neu- 
ronal form of amphiphysin 2) in brain underlines their 
importance for nervous system function. 

A striking observation is that the subtle vesicle recy- 
cling defects observed in amphiphysin 1 knockout mice 
produce important defects at the organismal levels. 
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While amphiphysin 1 knockout mice develop and repro- 
duce normally, suggesting a baste normal functioning 
of the nervous system, some important neurological and 
behavioral defects were also observed. The death rate 
of mutant animals is significantly increased compared 
to normal littermates, in particular during the first few 
months of adulthood. Death was caused by rare irrevers- 
ible seizures and, accordingly, mutant mice have a lower 
threshold to seizures. It was shown that synaptic de- 
pression during high-frequency stimulation occurs 
much faster at excitatory synapses than at inhibitory 
synapses, and this difference may be a critical mecha- 
nism protecting the nervous system from seizures (Ga- 
larreta and Hestrin, 1998; Varela et al., 1999; Kraushaar 
and Jonas, 2000). tn tum, the remarkable stability of 
inhibitory synapses during ongoing stimulation is criti- 
cally dependent upon the vesicle cycle, as shown by 
the loss of this stability in synaptojanin 1 knockout mice 
(Cremona et al., 1999; LQthi et al., 2001). Thus, an in- 
creased susceptibility to seizures is consistent with the 
occurrence of a recycling defect in amphiphysin 1 
knockout mice. 

Another consequence of the tack of amphiphysin is 
a cognitive deficit, as defined by a significant impairment 
in learning tasks. Mutant animals exhibited severe learn- 
ing disabilities in the Morris water maze test as well 
as in the fear-conditioning task, which rely on distinct 
neuronal circuitries. Although we cannot rule out that 
subthreshold seizures interfered with these experi- 
ments, it appears unlikely that seizure activity accounted 
for the defects observed. First, other knockout mouse 
models which experience severe seizures, such as syn- 
apsin 1 knockout mice, do not show impaired learning 
(Silva et al., 1996). Second, we used 5- to 7-month-old 
animals for our behavioral experiments, and we found 
that in this age category as well as in older animals, 
the death rate drops dramatically compared to younger 
adult animals. Since knockout animals die from seizures, 
we may have selected for our experiments a category 
of animals that is less prone to epilepsy. 

Many mouse models with abnormal function of signal- 
ing pathways show learning deficits (Mayford and Kan- 
del, 1999). A role of amphiphysin in signaling pathways 
cannot be excluded given the strong interconnections 
between endocytosis and signaling (Di Rore and De 
Camilli, 2001; McPherson et al., 2001). Indeed some 
interactions of amphiphysin with signaling proteins have 
been reported (Kadlec and Pendergast, 1997; Leprince 
et al., 1 997). Furthermore, in view of growing evidence 
for a critical role of clathrin-mediated endocytosis in 
the internalization of postsynaptic receptors (Turrigiano, 
2000; Carroll et al., 2001; Kittler et al., 2000). it is possible 
that postsynaptic vesicle recycling changes may con- 
tribute to the cognitive defects of amphiphysin 1 knock- 
out animals. However, we can at least conclude from our 
study that amphiphysin is indeed an effector in synaptic 
vesicle recycling and in the physiology of endocytic 
zones of mammalian synapses and that a perturbation 
of this function is likely to play a role in the cognitive 
deficits observed in mutant animals. 

Several human conditions involve substantial cogni- 
tive defects that are not associated with major neurolog- 
ical impairments. In most cases, responsible genes have 
not yet been identified. An inherited mental retardation 



syndrome was mapped to the gene encoding a Rab 
GDP-dissociation inhibitor (GDI), a protein that controls 
the Rab cycle, and therefore the vesicle cycle, in nerve 
terminals and possibly also postsyn optically (D'Adamo 
et al., 1 998). The learning defects observed in amphiphy- 
sin 1 knockout mice provide another example of a gene 
which functions in vesicle recycling and whose mutation 
underlies learning defects in a mammalian organism. 
Other human psychiatric conditions may be due to de- 
fects in membrane trafficking at the synapse. 

Experimental Procedures 

Generation of Amphiphysin 1 Knockout Mice 
A XFIXII genomic library from 129SV/J mice was screened with 
a 250 bps DNA fragment corresponding to the 5' end of the rat 
amphiphysin 1 cDNA. Phage clones containing the first coding exon 
of amphiphysin 1 gene were isolated and Identified. A replacement 
targeting vector was constructed as shown in Figure 1A. In the 
targeting vector, most of the 3' end of the first coding exon and a 
fragment of the following Intron were replaced by the selection 
cassette (neomycin resistance gene under the PGK promoter [noo 
cassette]). The herpes simplex virus- 1 thymidine kinase gene under 
the PGK promoter (TK cassette) was added at the end of the snort 
arm of the construct Both the neo and the TK cassette have a 
transcription direction that is the same as the amphiphysin 1 gene. 
The vector was linearized and etectroporated into embryonic stem 
(ES) cells (1 29/Sv agouti ES cells) that were then selected according 
to standard procedures (Yang et aL, 1997). Recombination events 
were identified by Southern blot screening using a PCR-generated 
probe corresponding to a fragment outside the recombination site 
but inside the restriction fragment generated by EcoRV digestion 
(Figure 1 A). Chromosomal counting on recombinant ES cell clones 
was performed before blastocyst microinjection, in order to increase 
the chances of germline transmission. Positive clones were indepen- 
dently micro Injected into blastocysts, which were then retmplanted 
into pseudopregnant foster mothers. Several chimeras were gener- 
ated and independently bred with C57BL/6 mice. Germline transmis- 
sion was achieved, and heterozygous animals were produced. 
Knockout mice were generated by successive breedings and identi- 
fied by Southern blot analysis using the same screening strategy 
as for the identification of recombinant ES ceil clones (Figure 1B). 
For Northern blot analysis, probes consisting of fun length amphi- 
physin 2 and actin sequences, respectively, were obtained by PCR 
amplification from a mouse brain cONA library and were labeled by 
random priming. 

Antibodies, I mrrumoblotting, and Immunofluorescence 
Brains from wild-type and knockout mice were homogenized In a 
lysis buffer containing 25 mM HEPES (pH 74), 150 mM KCt, 2 mM 
EGTA supplemented with a cocktail of proteinase inhibitors. Postnu- 
ctear supematants (50 |ig) were processed for SOS-PAGE and im- 
munob lotting using ECL procedures (Amersham Pharmacia Bio- 
tech, Inc., Ptscataway, NJ). The following antibodies were generated 
in our lab: rabbit antisera to synaptojanin 1, amphiphysin 1 and 2, 
endophiiin 1, synaptophysin, as well as mouse mAb to amphiphysin 
1 and AP180. Other antibodies are from commercial sources: Bin 1 
(Upstate Biotechnology, Lake Placid, NY), dynamin 1 (Transduction 
Laboratories, Lexington, KT)> a-adaptin (Affinity BioReagents, 
Golden, CO), a mouse hybrid oma producing antibodies to clathrfn 
heavy chain (ATCC, Rockville, MD), and a -tubulin (Sigma, SL Louis, 
MO). The mAb to synaptotagmln was a kind gift from Dr. R. Jahn 
(University of GdttJngen, Germany). Immunofluorescence was per- 
formed on 2- to 3- week-old cultures of cortical neurons as previously 
described (Mundigl et al., 1998). 

Biochemical Procedures 

The experiment using liposomes was performed as previously de- 
scribed (Cremona et al., 1999; Gad etal., 2000). Quantification was 
performed using a phosphoimaging. For the lipid experiment, lipo- 
somes (0.25 mg/ml) were incubated with brain cytosol (0.5 mg/ml) 
for 15 min at 37*C in the presence of 2 mM ATP and 0.2 mM GTP. 
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Liposomes were then Isolated by ultracentrifugation, washed three 
times, and Incubated in the presence of 20 jiCi [y^PJATP for 10 min 
at 37°C. Lipids were extracted and processed for analysis by thin 
layer chromatography, and the identity of lipids was confirmed by 
high performance liquid chromatography as described previously 
(Cremona et at., 1999). Using phosphoimaglrtg, counts for PI(4,5)P2 
were normalized to total counts, which mainly included those of 
phosphatide acid. The affinity chromatography using GST fused to 
the proline- rich region of dynamin was performed as in Slepnev et 
at. (1998), with slight modifications. 15 mg detergent extracts from 
wild-type and knockout brains were incubated for 4 hr at 4°C In the 
presence of 0.8 mg GST or GST fused to the proline- rich region of 
human dynamin 1 prebound to 150 \ii Sepharose 4B bead3 (Amer- 
sham Pharmacia Biotech, I nc, Prscataway, NJ) in a buffer containing 
25 mM HEPES (pH 7.4), 150 mM KC1, 1 mM EGTA, 1% Triton X-1 00. 
and a cocktail of protease Inhibitors. In one experimental condition, 
15 mg knockout extract were supplemented with 30 tig purified 
recombinant amphiphysin 1 prior to affinity chromatography. Fol- 
lowing five washes with the same buffer, proteins were e luted tn 
sample buffer and processed for immunoblotting. 

FM2-10 Uptake in Synaptosomes 

Synaptosomes were prepared from four mouse cortices as pre- 
viously described (Marks and McMahon, 1998). For each experi- 
ment, 500 fig synaptosomes were used. In the "unloading" experi- 
ment, synaptosomes were incubated for 5 min at ZTC in tow K* 
saline solution prior to transfer to the 1 ml cuvette preheated at 
37°C In a Hitachi F-3010 fluori meter. Synaptosomes were preincu- 
bated for 3 min with FM2-10 (Molecular Probes, Inc., Eugene, OR) 
at 100 \*JM final concentration and stimulated with 30 mM KCt for 
90 s, Synaptosomes were washed twice with 1 ml low K* saline 
solution containing 1 mg/mJ BSA, resuspended in low K + buffer, 
and transferred back to the cuvette. Following a 10 min incubation, 
a second stimulation with 30 mM KCI was applied, and fluorescence 
was measured at 467/550 nm as a function of time. In the FM2-1 0 
Internalization experiment, a similar protocol was used except that, 
following the first stimulation with 30 mM KCI and the washes, 
synaptosomes were iysed in a hypotonic solution containing 20 mM 
HEPES (pH 7.4), vortexed for 10 s, supplemented with KCI to 150 
mM final concentration, and centrifuged for 2 min In a microfuge 
at maximal speed. Fluorescence associated with the supernatant, 
containing FM2-10 labeled Internal membranes, was subsequently 
measured with the fluori meter. The glutamate release was per- 
formed as previously described (Nichotts and Sihra, 1986). 

Electron Microscopy and Morphometry of HRP-Labeled 
Cortical Neurons In Culture 

Primary cultures of cortical neurons were prepared according to 
procedures previously described (Banker and Goslin, 1991; Cre- 
mona et al., 1999). Cells were maintained up to 3 weeks fn Neuroba- 
sat/B27 medium (Ufe Technologies/Gibco-BRL, Gaithersburg, MD) 
at 37°C In a 5% CO, humidified incubator. Neurons were labeled 
with the fluid-phase marker HRP (Sigma, St Louis, MO) at 10 mg/ 
ml for 3 min at 37°C before stimulation in a low K* saline solution 
containing 130 mM NaCI, 5 mM KCI, 2 mM CaCl* 2 mM MgCI„ 25 
mM HEPES (pH 7.33), 30 mM glucose, 10 \lM CNQX. and 50 jtM 
AP-V (Research Biochemlcals, Inc., Natick, MA). Neurons were then 
either kept In low K* for another 90 s ("rest") or stimulated for 90 s 
with a solution containing 90 mM KCI and 45 mM NaCI in the pres- 
ence of HRP ("stimulation'*). Cells were fixed in 2% glutaraldehyde/ 
2% sucrose in 0.1 M sodium phosphate buffer (pH 7.4) for 2 hr at 
4*C and processed for electron microscopy as described (Cremona 
et aL, 1 999). For morphometry, 37-54 synapses were analyzed at a 
final magnification of 63,000:-:. For each condition, 2000-4000 ob- 
jects were scored. They Included labeled or unlabeled synaptic vesi- 
cles and clathrin-coated vesicles as well as labeled endosome-Iike 
structures. Endosome-Iike structures were defined as HRP- labeled 
compartment larger than synaptic vesicles. Statistics were per- 
formed using ANOVA. Results of two independent experiments were 
pooled. 

FM1 -43 Uptake and Release in Cultured Cortical Neurons 
Cortical cultures were generated from 1 - to 2 -day-old amphiphysin 
1 knockout and wild- type mice. Brains were dissected; cerebral 



cortices were separated from the hippocampus and basal ganglia 
and dissociated using protocols similar to those used for hippocam- 
pal cultures (Ryan, 1999). Confocat laser scanning microscopy, elec- 
trical field stimulation, FM1-43 uptake, and release experiments 
were performed as described (Ryan, 1999) In 2- to 3-week-old cul- 
tures. FM1-43 (Molecular Probes, Eugene, OR) was stored at 4 C C 
as 3 mM aliquots and used at a final concentration of 15 p.M. 

Metrazol Injection 

12-week-old mice were injected intraperitoneal ry with a solution of 
pentamethylenetetrazole at 15 mg/kg every 5 min until observation 
of the last phase of seizure. The time required to reach the various 
phases of seizure was recorded. The first twitch was generally de- 
tectable In the ear; the tonic-clonic phase was defined as repeated 
hyperkinetic movements of forelimbs followed by a loss of postural 
control and fallng, after which both the forelimbs and hind limbs 
were characterized by clonic movements; the tonic extension phase 
began when animals arched their body and their limbs, after which, 
in most cases, they stopped breathing and died. Seven wild- type 
and ten knockout mice were used for the experiment Statistics 
were performed using ANOVA. 

Behavioral Paradigms 

The Moms water maze test was performed as described previously 
(Morris, 1989; Wickman et al., 2000). In total, 1 8 mice (nine males, 
nine females) of 5-7 months of age were used for the experiments 
for both wild-type and knockout genotypes. A circular white plastic 
tub 1 min In diameter was filled with water (21°-22°C) and divided 
into four quadrants of equal surface. Swim times, path length, and all 
other measurements were made using the Poly-track Video Tracking 
System (San Diego Instruments). For the hidden platform test, a 10 
cm* transparent Plexlgtas platform was submerged 0.5 cm beneath 
the surface and positioned consistently over the course of the test. 
Mice were allowed to swim until they encountered the platform or 
for a maximal duration of 60 s, after which they were placed on the 
platform for 15 s. Mice began each of the four daily trials from a 
different quadrant, and the time required to find the platform was 
recorded and averaged. The intertrial interval was 3.5 min. The test 
was performed for 7 consecutive days, always In the afternoon. On 
day 8, the transfer test was performed. Briefly, the platform was 
removed, and mice were allowed to swim for 60 s, starting from the 
center of the pooL The time spent in every quadrant, the number 
of entries into the area where the platform had been original ly lo- 
cated, and the swimming distance were measured. On days 9-12, 
in the visible platform tost, trials were performed like In the hidden 
platform test except that the platform was flagged. 

The fear-conditioning test was performed as described (Paylor et 
al., 1994; Caldarone et al., 2000). In total, nine mice (five males, four 
females) of 5-7 months of age were used for the experiments for 
both wild-type and knockout genotypes. On the first day of training, 
each mouse was placed in a training chamber and freezing behavior 
was assessed every 10 s. After 2 min, the conditioned stimulus, a 
to no, was applied for 30 s and terminated by a 2 s unconditioned 
stimulus, a footshock of 03 mA. This sequence was repeated a 
second time, after which animate were kept for 30 s In the chamber 
and returned to their original cages. On the second day, animals 
were first tested for contextual fear. Each mouse was placed in the 
training chamber, and freezing behavior was assessed for 5 min in 
the absence of tone. One hour later, animals were tested for their 
fear response to the auditory stimulus. Each mouse was placed in a 
different training chamber and exposed to a smell of orange extract 
During the first 3 min, freezing to altered context was measured, 
after which the tone was continuously presented for another 3 min, 
and freezing behavior to the auditory stimulus was scored. 
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Summary 

The AMPA glutamate receptor (AMPAR) subunits 
GluR2 and GtuRd are thought to be important for syn- 
aptic targeting/stabilization of AMPARs and the ex- 
pression of hippocampal long-term depression (LTD). 
In order to address this hypothesis genetically, we 
generated and analyzed knockout mice deficient in 
the expression of both GluR2 and GiuR3. We show here 
that the double knockout mice are severely impaired 
in basal synaptic transmission, demonstrating that 
GluR2/3 are essential to maintain adequate synaptic 
transmission in vivo. However, these mutant mice are 
competent in establishing several forms of long-last- 
ing synaptic changes in the CA1 region of the hippo- 
campus, Including LTD, long-term potentiation (LTP), 
depotentiation, and dedepression, indicating the pres- 
ence of GluR2/3-independent mechanisms of LTD ex- 
pression and suggesting that AMPA receptor GluR1 
atone is capable of various forms of synaptic plasticity. 

Introduction 

AMPA glutamate receptors {AMPARs) are the principle 
mediators of the fast excitatory synaptic transmission 
in the mammalian central nervous system (CNS), and 
they are important for the expression of several forms 
of long-lasting synaptic plasticity, including LTP and 
LTD, extensively studied forms of synaptic plasticity 
thought to be critical to learning and memory (Bliss and 
Collingridge, 1993; Malenka and Nicoil, 1999; Bear and 
Abraham, 1996). In the CA1 region of the hippocampus, 
while the induction of LTP and LTD requires activation 
of NMDA receptors (NMDARs) and the subsequent cal- 
cium influx, the expression mechanisms appear much 
more complex, possibly involving both presynaptic and 
postsynaptic modifications. However, recent studies in- 
dicate that activity-dependent AMPAR insertion and in- 
ternalization at the postsynaptic membrane play a criti- 
cal role in the expression of LTP and LTD, respectively 
(Shi et al., 1999; 2001; Hayashi et al., 2000; Carroll et 
al., 1999; 2001 ; Beattie et at., 2000; Lin et al., 2000; Man 
et al., 2000; Wang and Linden, 2000). Thus, regulation 
of AMPAR trafficking may represent a key mechanism 
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for the modification of synaptic efficacy (Luscher et al., 
2000; Malinow and Malenka, 2002) 

AMPARs are heteromeric complexes assembled from 
four distinct subunits GluR1-GluR4 (also referred to as 
GluRA-GluRD) encoded by four separate genes (Hoil- 
mann and Heinemann, 1994). Several studies suggest 
that these receptor subunits may play distinct roles in 
the regulation of AMPAR trafficking and synaptic plastic- 
ity. For example, the GluRI subunit is required for 
NMDAR-dependent synaptic delivery of AMPARs, a pro- 
cess thought to be responsible for adding new receptors 
to increase synaptic transmission during LTP (Shi et al., 
1999; 2001; Hayashi et al, 2000; Passafaro et al., 2001). 
In contrast, the GluR2/3 subunits are thought to be im- 
portant for actrvrty-tndependent movements of AMPARs, 
a constitutive process thought to be essential for stable 
basal synaptic responses (Shi et al., 2001 ; Passafaro et 
al., 2001). Although the molecular mechanisms underly- 
ing these subunit-speciftc functions are unknown, the 
protein-protein interactions between the AMPAR sub- 
units and adjacent postsynaptic proteins may play an 
important role (see reviews by Barry and Ziff, 2002; Song 
and Huganir, 2002; Sheng and Kim, 2002). 

Ample biochemical studies indicate that the C-ter- 
minal tails of the GluR2/3 subunits can selectively inter- 
act with a number of intracellular proteins (e.g., GRIP1 , 
ABP, NSF, and PICK1) and that these interactions are 
important for targeting and accumulating G!uR2-con- 
taining AMPARs at specific subcellular sites, either at 
the postsynaptic membrane or inside the cell pong et 
al., 1997; 1999; Nishimune et al., 1 998; Osten et a!., 1 998, 
2000; Srivastava et al., 1998; Song et al, 1998; Dev et 
al., 1999; Xia et al., 1 999; Perez et aL, 2001). Consistent 
with these biochemical data, postsynaptic injection of 
synthetic peptides designed to disrupt protein interac- 
tions between GIuR2 and AMPAR-interacting proteins 
causes a rapid and selective change in AMPAR-medi- 
ated synaptic responses (Nishimune et al., 1998; Noel 
et al., 1 999; Luscher et al., 1 999; Luthi et al., 1 999; Daw 
et al., 2000; Lee et al., 2002). Furthermore, some of these 
peptides or deletions of the C-terminal tail of GluR2 also 
interfere with activity-dependent AMPAR internalization 
and the expression of LTD both in the hippocampus and 
cerebellum (Luscher et al., 1999; Luthi et aL, 1999; Daw 
et al., 2000; Xia et al., 2000; Lin et al., 2000; Lee et 
al., 2002). Therefore, it has been hypothesized that the 
expression of hippocampal LTD and AMPAR internaliza- 
tion from the postsynaptic surface involve interactions 
between GluR2/3 and AMPAR-interacting proteins (Kull- 
mann, 1999; Luthi et al., 1999; Daw et al., 2000; Xia et 
al., 2000). 

In this study, we took genetic approaches to address 
the in vivo function of GtuR2/3 in synaptic regulation 
by conducting hippocampal slice recordings in three 
genetically manipulated mouse strains. First, as an ex- 
tension to our previous studies (Jia et al., 1996), we 
analyzed LTD and depotentiation in knockout mice lack- 
ing GluR2 and found that both LTD and depotentiation 
could be established in these mice. Since GluR3 is 
closely related to GluR2 in the protein sequence and in 
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fact GluR3 can interact with a number of GluR2-inter- 
acting proteins (Brarthwaite et ah, 2000), we then ex- 
plored the possibility that GluR3 may play a similar role 
in synaptic plasticity by generating and analyzing knock- 
out mice lacking GIuFta We showed that the GluR3 
knockout mice exhibited normal basal synaptic trans- 
mission and LTD but enhanced LTP, indicating that 
GluR3 was not critical for the expression of LTD. Finally, 
to address the possibility that GluR2/3 may have redun- 
dant functions, we analyzed double knockout mice lack- 
ing both GluR2 and GluR3. We demonstrated that the 
double knockout mice exhibited a dramatic reduction 
in the mean amplitude of basal synaptic transmission, 
indicating that GluR2/3 are essential to maintain high 
levels of synaptic transmission in vivo. However, in spite 
of a severe reduction in basal synaptic function, the 
double knockout mice were capable of establishing and 
maintaining several forms of long-lasting synaptic 
changes, including LTP, LTD, depotentiation, and dede- 
pression. These results provide genetic evidence for the 
existence of GluR2/3-independent mechanisms for the 
expression of hippocampal LTD and depotentiation and 
suggest that the GluRI subun'rt is sufficient for express- 
ing hippocampal synaptic plasticity. 

Results 

Hippocampal LTD and Depotentiation in GluR2 
Knockout Mice 

If GluR2 is important for the expression of hippocampal 
LTD by regulating AMPAR trafficking, one would expect 
that LTD or depotentiation is affected in GluR2 knockout 
mice (Jia et al., 1996). To test this possibility, we carried 
out electrophysiological recordings in the CA1 region of 
the hippocampus. Previously, we found no significant 
differences in the degree of LTD of field excitatory post- 
synaptic potential (fEPSPs) between the wild-type and 
the knockout mice in an 129XCD1 genetic background 
(Jia et al. f 1996). Since the present study focused on 
GluR3 and GluR2/3 double knockout mice which were 
generated in an 129XC57/BL6 genetic background, we 
therefore backcrossed the GluR2 null mutation into a 
C57/BL6 genetic background and further verified that 
both LTD and depotentiation were present in the ab- 
sence of GluR2. As shown in Figure 1 A, no significant 
differences were found in the degree of LTD induced 
by low-frequency stimulation (LFS; 1 Hz lasting 15 min) 
between the two groups of mice (79.2 ± 2.3% for 
GluR2 +/+ versus 77.2 ± 4.2% for GluR2~'~, p = 0.66; 
Figure 1A). Although LTP induced by high-frequency 
stimulation (HFS; 100 Hz lasting 1 s) was enhanced in 
GluR2 knockout mice (1 55.3% ± 3.2% for GluR2 +/+ ver- 
sus 181 .6% i 3.9% forGluR2-'- t p = 0.006), depotentia- 
tion induced by LFS was not significantly altered 
(87.9% ± 2.2% for GluR2 +/+ versus 76.3% ± 13.5% for 
GluR2-'-, p = 0.18; Figure 1B). In adult hippocampal 
slices, depotentiation could not be induced by LFS in 
either wild-type or GluR2 knockout mice (Figure 1C). 
These results indicate that GluR2 is not essential for 
the expression of hippocampal LTD or depotentiation. 
However, because GluR3 is closely related to GluR2 in 
the structure and biochemical properties (Hollmann and 
Heinemann, 1994; Braithwaite et al., 2000, Shi et al., 
2001 ) and is expressed in the hippocampus, it is possible 



that the GluR3 subunit is involved in the expression 
of hippocampal LTD. Alternatively, GluR3 may have a 
redundant function sufficient to compensate for the loss 
of GluR2 so that LTD and depotentiation can be estab- 
lished in the GluR2 knockout mice. It is also important 
to note that despite the fact that GluR3 is abundantly 
expressed in many regions of the CNS and that it can 
form functional heteromeric receptors with other AM PA 
receptor subunits, there have been very few studies 
directly focusing on the GluR3 subunit Therefore, we 
set out to investigate the in vivo function of GluR3 by 
generating and analyzing knockout mice deficient in the 
expression of GluR3. 

Normal CNS Anatomy and Synaptic Structures 
in GluR3 Knockout Mice 

The GluR3 knockout mice were generated by standard 
homologous recombination techniques using R1 ES line 
(Figures 2A and 2B) (Jia et al., 1996; Nagy et al., 1993). 
The GluR3 gene is X chromosome linked; therefore, only 
one copy is present In the male mice. Since the male 
knockout animals (X"Y, GUuR3") bred poorly, all experi- 
ments were performed using male offspring (X"Y as 
GluR3 knockout and X + Y littermate as wild-type control) 
generate d from F1 X 4 Y (GluR3 + ) and X*X- (GluR3+'~) 
breeding. The GluR3 knockout mice were viable and 
showed no apparent beh avioral deficits, including nor- 
mal locomotor activities. [The whole-brain lysate from 
the GluR3 knockout mice showed no detectable expres- 
sion of GluR3 mRNA, but normal levels of mRNA for 
GluRI and GluR2 (data not shown). Since there are no 
commercially available antibodies specific to the GluR3 
subunit, we generated GluR2/3 double knockout mice 
by crossing the GluR3 knockout mice to GluR2 knockout 
mice. Using antibodies that recognize both GluR2 and 
GluR3, we showed that the double knockout mice had 
no expression of GluR2 or GluR3 protein, confirming the 
absence of GluR3 protein in the GluR3 knockout mice 
(Figure 2C). The protein levels for other glutamate recep- 
tors and postsynaptic proteins, including GluRI, GluR2, 
GluR4 ( NR1, NR2A/B, and CaMKIIa(CKIIa) were not al- 
tered in GluR3 knockout mice (Figure 2C). The GluR3 
knockout mice showed no detectable abnormalities in 
the gross anatomy or synaptic structures of the CNS 
(Figures 2Db and 2Df). 

Normal Basal Synaptic Transmission in GluR3 
Knockout Mice 

To further investigate the effect of GluR3 deletion on 
the properties of synaptic transmission and plasticity, 
we conducted field and whole-cell recordings in the CA1 
region of the hippocampus in the GluR3 knockout mice. 
Analysis of evoked fEPSPs revealed no differences in 
the stimulus intensity/response curve, maximal re- 
sponse; and fEPSP waveform (Figure 3A). The passive 
membrane properties of CA1 pyramidal neurons, includ- 
ing resting membrane potential, input resistance, 
threshold to fire action potential, and its amplitude were 
not altered in GluR3 knockout mice (data not shown). 
Analysis of spontaneous miniature excitatory postsyn- 
aptic currents (mEPSCs) of CA1 pyramidal neurons also 
showed no differences in the frequency (Figure 3B), am- 
plitude (Figure 3C), and kinetics between the wild-type 
and GluR3 knockout mice. Similarly, evoked EPSCs of 
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Figure 1 . Normal HippocampaJ LTD and Depotentiation in GluR2 Knockout Mice 

(A) LTD induced by LFS (1 Hz stimulation, 15 min) was Indistinguishable between the wild-type and GluR2 knockout mice (12-16 days). 

(B) Depotentiation induced by LFS (1 Hz stimulation, 15 min) after establishment of LTP Induced by HFS (100 Hz. Is, upward arrow) showed 
no differences between the wild-type and GluR2 knockout mice (2-3 weeks). 

(C) Depotentiation could not be induced by LFS in hippocampal slices from adult animals (2-3 months) of either the wild-type or GluR2 
knockout mice. LTP was enhanced In the knockout mice. 



CA1 pyramidal neurons showed no differences in the 
amplitude, current/voltage relation, and reversal poten- 
tial between these two groups of mice (Figure 3D). These 
results indicate that synaptic targeting and function of 
AMPARs were not significantly disrupted by genetic de- 
letion of GluR3 alone. 

Enhanced LTP but Normal LTD in GluR3 
Knockout Mice 

To examine the role of GluR3 in the regulation of synaptic 
plasticity, we analyzed LTP and LTD in the CA1 region 
of the hippocampus. While LTD induced by LFS was 



indistinguishable between the wild-type and knockout 
mice (79.1% ± 3.8% for GluR3 + versus 83.7% ± 2.5% 
for GIUR3", p = 0.33; Figure 4B), the magnitude of LTP 
induced by HFS was significantly enhanced in the GluR3 
knockout mice (128.2% ± 4.5% for GluR3 + versus 
1 5Z5% ± 5.0% for GluR3~, p = 0.0039; Figure 4C). The 
saturated level of LTP induced by multiple HFS trains 
was also enhanced in the knockout mice (162.8% * 
6.5% for GluR3 + versus 205.2% ± 10.0% for GluR3" ? 
p = 0.0073; Figure 4D). While LTP was enhanced, depo- 
tentiation after establishment of LTP was not signifi- 
cantly altered in GluR3 knockout mice (85.0% ± 1.4% 
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Rgure 2. Creation of GtuR3 and GIuR2/3 Double Knockout Mica 
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for GluR3 + versus 82.5% ± 9.2% for GluR3~; Rgure 4E). 
NMDA receptor antagonist DL-APV(100 p,M) completely 
blocked LTP in both the wild-type and knockout mice 
(data not shown). Therefore, the enhanced LTP in the 
GluR3 knockout mice does not involve NMDAR-indepen- 
dent mechanisms. To test whether GluR3 plays a role in 
presynaptic functions, we compared paired-pulse facilita- 
tion and found no differences between the wild-type and 
knockout mice (Figure 4A). Therefore, hippocampai synap- 
tic plasticity can occur in the absence of GluR3. 

Normal Gross CNS and Synaptic Structures 

in GluR2/3 Double Knockout Mice 

To address the possibility that GluR2 and GluR3 are 

functionally redundant and that only one of them is re- 



quired for the expression of synaptic plasticity, we gen- 
erated and analyzed knockout mice lacking both GluR2 
and GluR3. The double knockout mice (GluR2 w - 
GluR3", males) were bom indistinguishable from the 
wild-type littermates, but during postnatal weeks 2-4 
displayed an increased mortality (approximately 20%- 
30%) and gradual appearance of global abnormalities, 
including smaller body sizes, reduced locomotor activi- 
ties, and severe tremors upon movements. Surprisingly, 
the double knockout mice showed no detectable abnor- 
malities in the gross anatomy of the CNS, including hip- 
pocampus (Figure 2D). In addition, the synaptic struc- 
tures in the CA1 region of the hippocampus appeared 
unchanged in the double knockout mice (Figures 2Dd, 
2Dh, and 2E). There were no significant differences in 
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Figure 3. Normal Basal Synaptic Transmission In GluR3 Knockout Mice 

(A) fEPSP slopes plotted as a function of stimulus Intensity. The distance between the stimulating and recording electrodes was kept constant 
between slices. . 

(B) Summary histogram showing the frequency of mEPSCs of CA1 pyramidal neurons recorded under whole-cell voltage damp mode in the 
presence of TTX (1 p.M) and picrotoxln (100 tiM). mEPSCs were blocked by AMPA receptor antagonist CNQX (5 »iM). 

(O Summary histogram showing averaged (left) and distribution of mEPSC amplitudes of one representative neuron from each genotype 

(D?Averaged amplitudes of evoked AMPA receptor- (left) and NMDA receptor- (right) mediated EPSCs recorded from CA1 pyramidal neurons 
showing no differences between the wild-type (R3*) and GluR3 knockout (R3 ) mice. The AMPAR-mediated EPSCs were estimated at indicated 
holding potentials in the presence of 1 00 ,iM pfcrotoxin 5 ms after the stimulus and normalized to the EPSC at -60mV. The NMDAR-mediated 
EPSCs were measured with peak amplitudes in the presence of 100 jlM picrotoxln and 10 ^.M CNQX and normalized to the EPSC at 60mV. 
The representative EPSC traces at various holding potentials were averages of four successive sweeps. 



the numbers of asymmetric synapses and the lengths 
of postsynaptic density between the wild-type and the 
double knockout mice (see Experimental Procedures). 
These results indicate that the excitatory synapses are 
formed and maintained in the absence of GluR2/3. 



Reduced Basal Synaptic Transmission 

in GluR2/3 Double Knockout Mice 

To investigate the properties of basal synaptic function 

in GluR2/3 double knockout mice, we analyzed fEPSPs 

evoked by various stimulus intensities. In these expert- 
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flgure 4. Normal Presynaptic Function and LTD but Enhanced LTP in GluR3 Knockout Mice 

me KKES" teCilte "'° n - ^ ^ v*"™*** ofth..*cond ,EPSP sfcpe compared to the first one as a function of 

in GIUR3 knockout mice (2-3 months) ^ HFS (5 """ lntertrain in,e ™ als . "P*^ arrows) was significantly enhanced 
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merits, we used adult mice to minimize the effect of 
GlufW on synaptic transmission. As shown in Figure 5A. 
the mean amplitudes of fEPSPs in the double knockout 
mjce were significantly smaller over a wide range of 
stimulus intensities (data notshown) or presynaptic fiber 



volley compared to those of the wild-type or GluR2 
knockout mice. The maximal amplitude of fEPSPs in the 
double knockout slices was only 10%-20% of that in 

nnH^"^ Contro1 ' To inves «Sa*e the mechanisms 
underlying this reduced synaptic response, we recorded 
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Figure 5. Enhanced Synaptic Plasticity in GluR2/3 Double Knockout Mice 

(A) Reduced synaptic response. fEPSP slopes were plotted as function of presynaptic fiber volley. The maximal flEPSP slopes were significantly 
smaller in the double knockout mice (GluR2'- GluR3~) than those in the wild-type <GluR2+'* GluR3*) and GluR2 knockout (GluR2"'- GluFB •) 
mice (2-3 months). The traces show typical fEPSPs evoked with various stimulus intensities. 

(B) Normal paired-pulse facilitation. The plot summarizes the facilitation of the second fEPSPs compared with the first one as a function of 
mterputee interval. No differences were found between these three groups of mice (2-3 months). 

(C) Enhanced LTD and dedepression. Both LTD Induced by LFS and dedepression induced by HFS (upward arrow) after establishment of 
LTD were significantly higher in the double knockout (GluR2'* GluR3") than the wild-type (GluR2*'* GluR3*) mice (12-16 days). 

(0) Enhanced LTP and depotentiation. Both LTP induced by HFS (upward arrow) and depotentiation induced by LFS after the establishment 
of LTP were significantly enhanced in the GluR2/3 double knockout mice (2-3 weeks). 

(E) Sufficiency of GluRI for LTP. LTP Induced by HFS (upward arrow) in hippocampal slices prepared from adult mice (3-6 months) was also 
significantly higher in the GluR2/3 double knockout than the wild-type mice. The traces on the right are averages of four successive sweeps 
at indicated time points. 
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mEPSCs from CA1 pyramidal neurons and found no 
significant differences in either the frequency (0.23% ± " 
0.01% Hz for GluR2 +,+ GluR3 + versus 0.25% ± 0.02% 
Hz for GluR2-'- GluR3-, n = 9 neurons, p = 0.5) or 
amplitude (10.61% ± 0.58% pA for GluR2 + ' + G!uR3 + 
versus 10.92% ± 0.19% pA for GtuR2~'~ GluR3~, n « 
9 neurons, p = 0.63) between the wild-type and double 
knockout mice. To test whether presynaptic function 
was altered, we analyzed paired-pulse facilitation and 
found no differences in the degree of facilitation be- 
tween the wild-type and the double knockout mice (Fig- 
ure 5B). Therefore, the reduction in basal synaptic re- 
sponses in the double knockout mice was not likely 
caused by presynaptic changes. 

Synaptic Plasticity in GluR2/3 Double 
Knockout Mice 

To address the role of GluR2/3 in the regulation of hippo- 
campal synaptic plasticity, we compared several forms 
of long-lasting synaptic changes between the wild-type 
and the double knockout mice. First, we induced LTD 
with LPS and after LTD was stabilized, delivered HFS 
to induce LTP or dedepression. As shown in Figure 5C, 
both LTD (79.2% ± 3% for GluR2 +/+ GluR3 + versus 
51.4% ± 8.0% for GluR2 w - GluR3~, p = 0.0026) and 
dedepression (189.3% ± 8.3% for GluR2 +/+ GluR3 + ver- 
sus 237.3% ± 16.5% for GluR2 -/ ~ GluR3~, p = 0.014) 
were present and clearly enhanced in the double knock- 
out mice. Second, we induced LTP by HFS and then 
depotentiatlon by LFS following establishment of LTP 
(Figure 5D). Again, both LTP (155.3% ± 4.0% for 
GluR2 +/+ G!uR3 + versus 181.0% ± 10.4% for GluR2 w ~ 
GluR3", p = 0.013), and depotentiation (88.0% ± 8,3% 
for GluR2 +/+ GluR3 + versus 60.6% ± 5.7% for GluR2~'~ 
GluR3~, p « 0.00015) could be elicited and significantry 
enhanced in the double knockout mice. Since GluR4 is 
only expressed in developing hippocampus, we then 
tested whether LTP could be established in adult hippo- 
campal slices (2-3 months) of the double knockout mice 
(which should have GluRI only AMPARs). As shown in 
Figure 5E, LTP was present and significantry higher in 
the double knockout mice (1 41 .9% ± 5.5% for GluR2 +/+ 
GluR3 + versus 198.6% ±11.5% for GluR2~'- GluR3", 
p = 0.0025). 

To address the possibility that hippocampal LTP and 
LTD in the double knockout mice may differ from those 
of the wild-type animals, we conducted following experi- 
ments. First, we induced LTD in the presence of 100 
M-M DL-APV and showed that LTD was largely abolished 
by APV in both genotypes (102.3% ± 2.6% forGluR2 +/+ 
GluR3 + versus 92.1% ± 3.7% forGluR2~ / - GluR3"; Fig- 
ures 6A and 6B). Therefore, the induction of hippocam- 
pal LTD in the double knockout mice was mainly through 
NMDAR-dependent mechanisms. This conclusion was 
consistent with the finding that LTD in the double knock- 
out mice was insensitive to the application of MCPG 
(0.5 mM) or bicuculline (20 p.M) (Figure 6C). Both of 
these drugs have been shown to block metabotropic 
glutamate receptor (mGluR)-dependent LTD, which is 
known to coexist with NMDAR-dependent LTD in CA1 
pyramidal neurons under certain conditions (Oliet et al., 
1 997). Second, we recorded f EPSPs from two indepen- 
dent pathways and induced LTP or LTD in one pathway 



As shown in Figures 7A-7C, synapse-specific LTP (Fig- 
ure 7B) or LTD (Figure 7Q of the conditioned pathway 
was obtained in the double knockout mice. After stabili- 
zation of LTP or LTD, we applied AMPAR antagonist 
CNQX (10 jlM) and found that fEPSPs were completely 
abolished, indicating that all synaptic responses during 
LTP or LTD were mediated by AMPARs. Then the extra- 
cellular solution was changed to low Mg a+ (0.1 mM) plus 
CNQX to isolate NMDAR-mediated synaptic responses 
in both pathways (Mainen et al., 1998; Kullmann et al., 
1996). In these experiments, we found little changes 
in NMDAR-mediated transmission associated with LTP 
(111.4% ±2£9% forGluR2 +/+ GluR3 + versus 120.6% ± 
5.5% for GluR2"'- GLuR3~) or LTD (99.1% ± 3.25% 
for GluR2-'- GluR3") (Figures 7B and 7C), indicating 
predominant changes in AMPAR-mediated synaptic 
transmission during LTP or LTD both in the wild-type 
and the double knockout mice. Finally, we examined 
the effect of a 15 amino acid peptide (D1 5) correspond- 
ing the PRD domain of the dynamin (dynamin 820-642) 
on synaptic transmission and LTD in the double knock- 
out mice. This peptide is known to interfere with the 
binding of amphiphysin with dynamin, an interaction 
that is important for endocytosts and has been shown 
to block the expression of LTD (Luscher et al., 1999). 
Postsynaptic injections of D15 blocked LTD in 8 out of 
12 neurons recorded, whereas LTD was obtained in all 
1 0 recorded neurons filled with control peptide S1 5. The 
averaged LTD was 82.9% ± 5.9% for neurons filled with 
D15 and 69.8% ± 4.5% filled with control peptide S15 
(p < 0.05). These peptides had similar effects on LTD 
of the wild-type neurons (data not shown). Collectively, 
these results indicate that hippocampal LTD in the dou- 
ble knockout mice requires NMDAR activation and post- 
synaptic endocytosis. 

Discussion 

Previous studies using cultured hippocampal neurons 
and inhibitory peptides indicate that the GluR2/3 sub- 
units are important for synaptic trafficking of AMPARs 
and the expression of LTD. In this study, we demonstrate 
that knockout mice deficient in the expression of both 
GluR2 and GluR3 are severely affected in basal synaptic 
function. However, in spite of a dramatic reduction in 
the mean amplitude of basal synaptic responses, the 
double knockout mice are capable of undergoing sev- 
eral forms of long-lasting synaptic plasticity, including 
LTD and depotentiation in the CA1 region of the hippo- 
campus. These results demonstrate that GluR2/3 are 
critically involved in maintaining basal synaptic trans- 
mission and suggest that GluRI is sufficient for the ex- 
pression of synaptic plasticity in vivo. 

Importance of GluR2/3 for Basal 
Synaptic Transmission 

In GluR2/3 double knockout mice, the mean amplitude 
of evoked f EPSP with a wide range of stimulation intensi- 
ties is much smaller compared to the wild-type animals, 
indicating that GluR2/3 are critical for maintaining high 
levels of basal synaptic responses. This difference is 
most significant in adult hippocampus where the ex- 
pression of GluR4 is absent, suggesting that GluR4 may 
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Figures. Dependence of LTD on NMOA Re- 
ceptors in GluR2/3 Double Knockout Mice 

(A) LTD was blocked by DL-APV in the wild- 
type mice (12-16 days). Bath application of 
DL-APV (100 u.M) blocked the induction of 
LTD. Subsequent LFS after washout of DL- 
APV produced LTD in the same slices. 

(B) LTD was also largely blocked by DL-APV 
(100 |iM) in the GluR2/3 double knockout 
mice (12-16 days). The experiments were 
performed as described in (A). 

(C) LTD was not affected by MCPG and bicu- 
cutline. Bath application of mGluR antagonist 
MCPGfl mM) and GABA* Inhibitor bicucuMne 
(20 ilM) had no significant effect on LTD in 
the double knockout mice (1 2-1 6 days). Traces 
are averages of four successive sweeps at 
indicated time points. 
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partially compensate for the loss of GluR2/3 in develop- 
ing brain. It is unlikely that a reduction in the size of 
fEPSPs is caused by structural perturbations, as there 
is no evidence that the number of neurons, the density 
of excitatory synapses, the length of PSD, or the number 
of presynaptic vesicles is altered in the double knockout 
mice. The simplest explanation is that GluR2/3 are re- 
quired for synaptic targeting and stabilization of AMPARs 
in vivo. Thus, in the absence of GluR2/3, AMPARs would 
not be sufficiently targeted or stabilized, resulting in 
a smaller number of synaptic AMPARs and reduced 
synaptic transmission. This possibility is consistent with 
the results obtained from in vitro biochemical studies 
and cultured hippocampal neurons demonstrating that 
the C-terrninal tails of GluR2/3 are capable of interacting 
with several postsynaptic proteins and that disruption of 



the interaction causes a selective reduction in AMPAR- 
mediated basal synaptic transmission and surface ex* 
pression of AMPARs (see reviews by Braithwaite et al. t 
2000; Barry and Ziff, 2002; Song and Huganir, 2002). 
The smaller fEPSPs in the double knockout mice are 
also consistent with the idea that GluR2/3-containing 
AMPARs may undergo constitutive recycling, a process 
considered to be important for preserving stability of 
basal synaptic transmission (Shi et al M 2001; Passafaro 
et al., 2001). However, even in adult hippocampus where 
GluR1 is likely the only remaining AMPAR subunit in the 
double knockout mice, synaptic transmission occurs 
and sufficiently high for the establishment of various 
forms of long-lasting synaptic changes, indicating that 
GluR1 alone AMPARs are capable of synaptic targeting 
and dynamic changes. 
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Figure 7. Expression Mechanisms of LTP and LTD in GluR2/3 Double Knockout Mice 

(A) Field recordings from two independent pathways (LTP or tetanlzed pathway and control pathway) showed predominant changes in AMPAR- 
mediated synaptic transmission during LTP in the wild-type animals (2 months). 

(B) Field experiments showed predominant changes in AMPAR-mediated synaptic transmission in LTP pathway in GluR2/3 double knockout 
mice (2 months). 

(C) Field experiments showed predominant changes in AMPAR-mediated synaptic responses in LTD pathway in GluR2/3 double knockout 
mice (12-16 days). Traces on the right in (AHQ are sample fEPSPs from the LTP or LTD and control pathways evoked before HFS or LFS 
(1), 30 min after first HFS or LFS (2), and after bath application of an extracellular solution containing CNQX (10 *iM) and low Mg** (0.1 mM) 
to isolate NMDAR -mediated synaptic responses (3). NMDAR responses were normalized to AMPAR-mediated responses before LTP or LTD 
(Kullmann et al., 1996). The absolute mean fEPSP slope of NMDAR responses is 0.046% z 0.01% mV/ms for GluR2*'* GfuR3* (n = 6) and 
0.037% ± 0.004% mV/ms for GluR2 GluR3" (n = 5). The ratio of NMDAR- versus AMPAR-mediated fEPSPs is 0.13 £ 0.02 for GIUR2*'* 
GluR3- (n » 6) and 0.15 r 0.02 for GluR2-' GluR3 (n » 5). 

(D) Whole-cell recordings showed inhibition of LTD by postsynaptic injection of D1 5 but not by S15 in the double knockout mice (13-16 days). 
Active peptide D1 5 or its control peptide S15 was included in the intracellular solution and LTD was induced by LFS (1 Hz lasting 10 min 
at -40mV) after 15 min of baseline recording. Traces on the right were averages of four successive EPSCs at indicated time points. 
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Synaptic Plasticity in the Absence of GluR2/3 
An intriguing and rather surprising finding of the present 
study is that various forms of hippocampal synaptic 
plasticity can be established in the double knockout 
mice. In particular, the presence of hippocampal LTD 
and depotentiation in the absence of GluR2/3 is not 
predicted by the hypothesis that GluR2/3 are necessary 
for AMPAR endocytosis and LTD (Luthi et al., 1 999; Daw 
et a)., 2000; Xia et al. t 2000). One possible interpretation 
for this discrepancy is that the mechanisms of synaptic 
plasticity in our genetically altered mice may differ from 
those of the wild-type animals. This appears unlikely 
because hippocampal LTD in the double knockout mice 
is (1) largely blocked by NMDAR antagonist APV; (2) 
insensitive to MCPG or bicucullin, therefore mGluR- 
independent; (3) expressed predominantly via changes 
in AMPAR-mediated synaptic transmission; and (4) still 
inhibited by perturbations of endocytosis, although to 
a less degree compared to the wild-type animals. These 
results indicate that GluR2/3-independent AMPAR en- 
docytosis contributes significantly to hippocampal LTD 
in the double knockout mice. However, we cannot rule 
out the possibility that some aspects of synaptic plastic- 
ity are distinct in the double knockout mice. Indeed, LTD 
was only partially blocked by D15 peptide, the same 
peptide that has been shown to completely abolish LTD 
in other preparations from the wild-type animals (e.g., 
Luscher et a!., 1999), suggesting that a component of 
LTD is endocytosis independent in these knockout mice. 
Further experiments are needed to determine exactly 
what proportion of LTD is contributed by endocytc- 
sis-dependent or endocytosis-independent processes. 
Since most AMPARs exist as heteromeric assemblies of 
GluR1/2 or GtuR2/3, not as GluRI homomeric receptors 
present in the double knockout mice, it also remains 
to be investigated whether (or under what conditions) 
GluR2/3-independent AMPAR endocytosis operates 
and how much it contributes to synaptic changes in the 
wild-type animals. 

In the absence of GluR2/3, the relative amount (as 
compared to basal synaptic response) of synaptic plas- 
ticity is significantly greater (Figures 6-7). This enhance- 
ment, in particular of LTD and depotentiation (Figures 5C 
and 5D), cannot be accounted for simply by an increased 
Ca 2+ influx during the induction phase because (1 ) LTD 
is blocked by APV and (2) the relative amount of NMDAR- 
versus AMPAR-mediated fEPSPs is not much greater in 
the double knockout than in the wild-type mice (Figures 
7A-7C). These results suggest that one of the in vivo 
functions of the GluR2/3 subunits may be to inhibit syn- 
aptic changes. It is reasonable to hypothesize that the 
interaction between GluR2/3- and AMPAR-interacting 
proteins also function to retain and/or stabilize the re- 
ceptors either at synaptic surface (Noel et al., 1999; 
Osten et al., 2000; Lee et al. t 2002) or inside the ceil 
(Daw et al., 2000; Perez et al., 2001 ; Greger et al., 2002) 
during synaptic changes as proposed for basal synaptic 
transmission. Thus, disruption of the interaction, for ex- 
ample, by protein phosphorylation/dephosphorylation 
(Matsuda et al., 1999; 2000; Xia et al., 2000; Kim et al., 
2001 ; Daw et al., 2000; Chung et aI M 2000) may facilitate 
receptor trafficking and synaptic changes. 

However, it should be emphasized that because basal 
synaptic transmission is so drastically reduced in the 



absence of GluR2/3, the absolute amount of changes 
in synaptic transmission during LTP/LTD in most experi- 
ments is actually smaller in the double knockout mice. 
Therefore, one interpretation of the results is that GluR2/3 
may normally participate in facilitating and/or stabilizing 
synaptic changes by interacting with AMPAR-inter- 
acting proteins as mentioned above. Thus, disruption 
of these interactions or deletion of GluR2/3 would lead 
to reduced synaptic plasticity. As indicated earlier, this 
possibility is supported by results from many previous 
studies using cultured hippocampal neurons (Nishimune 
et al., 1998; Luthi et al. f 1999; Daw et ai. ( 2000; Xia et 
aU 2000; Kim et al., 2001; Lee et al., 2002). Given the 
complexity of protein interactions that occur at the 
G!uR2/3 C termini (e.g., Braithwaite et al., 2002; Hanley 
et al., 2002; see reviews by Barry and Ziff, 2002; Malinow 
and Maienka, 2002), it is likely that these interactions 
have differential and potentially opposing effects on 
AMPAR trafficking and synaptic plasticity. Targeted de- 
letions or mutations of individual protein binding sites 
in GtuR2/3 C-terminal tails in mice would be important 
to address the specific function of each interaction. 

GluRI Sufficiency for Hippocampal LTP 
In the adult hippocampus where most AMPARs are 
made of GluRI /2 orGluR2/3 (Wenthold et al., 1996), LTP 
could be established and also dramatically enhanced 
in the absence of GluR2/3, indicating that GluRI is suffi- 
cient for the expression of hippocampal LTP. These 
results are consistent with the observations that LTP is 
impaired in GluRI knockout mice (Zamanillo et al., 1 999) 
and that GluRI is necessary for NMDAR-dependent syn- 
aptic targeting of AMPARs in cultured hippocampal 
slices (Shi et al., 1 999, 2001 ). The C-terminal tail of GluRI 
can also interact with a number of proteins, including 
SAP97 (Leonard et al., 1998), actin binding protein 4.1 N 
(Shen et al., 2000), and AP2 (Lee et al., 2002). Disruption 
of the interaction between GluRI and these proteins 
blocks the activity-dependent synaptic delivery of GluRI 
and LTP (Shi et al., 2001). Since LTD experiments were 
performed using mice at postnatal days 12-15 when 
GluR4 is also expressed in the hippocampus, it is not 
clear whether GluRI is sufficient for the expression of 
LTD. However, since depotentiation could be estab- 
lished and enhanced in the double knockout animals 
at postnatal week 3 when the expression of GluR4 is 
diminishing in the hippocampus (Zhu et al., 2000), our 
results also suggest that GluRI may be sufficient for 
the expression of synaptic depression. 

In conclusion, by employing genetic approaches in 
mice, we provide evidence that the primary function of 
GtuR2/3 is to stabilize synaptic transmission. Thus, in 
the absence of GluR2/3, both basal synaptic transmis- 
sion and synaptic plasticity are affected. The complex 
interactions between GluR2/3 and various cytosolic pro- 
teins may provide multiple mechanisms to ensure the 
stability of synaptic transmission. We suggest that 
GluRI contains all the necessary molecular determi- 
nants to allow long-lasting synaptic plasticity to occur. 
Important issues remain to be investigated, including 
the analysis of the synaptic properties such as AMPAR 
trafficking in the double knockout mice and to define 
the in vivo function of specific protein binding sites of 
GluR2/3 C-terminal tails. 
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Experimental Procedures 

Creation of GluR3 and GluR2/3 Double Knockout Mice 
A genomic done containing the TM1 and TM2 domains of the GluR3 
gene was isolated from a genomic 129/sv library. The targeting 
vector for generating GluR3 knockout mice was constructed by 
inserting a 1 .8 kb PGK-neo cassette Into the BamHI site of exon 1 2 
in a sense direction with creation of an additional EcoRV site for 
the purpose of diagnostic restriction digestion of the genomic DNA. 
The G418 resistant ES clones were tested for a targeted event by 
Southern blot analysis. The procedures for cufturing and screening 
ES cells and for generation of chimeric mice were described pre- 
viously (Nagy et aL, 1993; Jia et aL, 1996). The chimeric mice were 
backcrossed to C57/BL6 to generate the F1 population. The GtuR3 
gene is X chromosome linked; therefore, onfy one copy is present 
In male mice. Since the male GluR3 knockout animals (X~Y, GtuR3~) 
bred poorly, most experiments for GluR3 knockout mice were per- 
formed using male offsprings (X~Y as knockout and X + Y littermate 
as wild-type control) generated from F1 X+Y (wild-type male, 
GtuR3+) and X*X" (heterozygous female, GluR3+'~) breeding. The 
GluR2/3 double knockout mice (GluR2~ / " GluR3~, male) were gener- 
ated by intercrossing between GUuR2+'~ GluR3 + males and GluR2 +/ " 
GIuR3 + '~ females. All the mice used in the present study had a 
genetic background of 129XC57/BL6. The genotype of the double 
knockout mice was determined by Southern blot analysis using 
three independent DNA probes: an external probe for GluR2 (Jia et 
al., 1996), an external probe for G!uR3 (Figure 2), and an internal 
neo-probe. The absence of GtuR2 and GluR3 proteins in the double 
knockout mice was confirmed by Western blot analysts using anti- 
GluR2/3 antibodies. The observed number for GluR2/3 double 
knockout mice was consistent with the expected Mendetian ratio 
(1/16), suggesting no embryonic lethality for the double knockout 
mice. 

Immunobtotting, Histochemistry, and Electron Microscopy 
The procedures for Western blot analysis of total brain or hippocam- 
pal lysates and for NissI staining of fixed brain sections were de- 
scribed previously (Jia et aL, 1996; Meng et at, 2002). The primary 
antibodies used were: anti-NMDAR1 {Chemicon, Temeculo, CA), 
anti-NMDAR2A/B (Upstate, Chariottesvilie, VA), anti-GluRI (Chemi- 
con), anti-G!uR2 (Chemicon), anti-GluR2/3 (Upstate and Chemicon), 
anti-G!uR4 (Upstate and Chemicon). arrti-CaMKJIa (gift of Dr. Bin 
Trimble), and anti-cofiGn (Santa Cruz, Santa Cruz, CA). The levels 
of GluRI and GluR4 were estimated and normalized against the 
amount of cofilin using the enhanced chemituminescence (Amer- 
sham) method in more than ten separate experiments from three 
animals of each genotype and showed no significant differences 
(GluRI: 94% ± 17% arbitrary unit for wild-type and 153% ±21% 
for double knockout, p = 0.1; GluR4: 104% ± 10% for wild-type 
and 80% ±15% for double knockout P = 0.3). For electron micros- 
copy, the transcardlally fixed brain samples were sliced (500 \im) 
on a vibratome and 1x1 mm CA1 areas Isolated from comparable 
sections ol each genotype. The blocks were then postfixed for an 
additional 3 hr and processed according to standard methods. For 
each block, 1 jim thick sections were cut and stained with 1% 
toluidine blue to guide further trimming to isolate equivalent CA1 
subfields. Thin sections (60 nrn) were then cut and stained with 
uranyl acetate and Reynolds lead citrate. The numbers of the syn- 
apses (wild-type: 0.324 ± 0.01 6%/jim 2 , n « 33 images; GluR2/3 
double knockout 0.359 ± 0.014%/p.m 2 , n = 55 images, p » 0.11) 
and the lengths of postsynaptic density (wild-type: 171,3% ± 3.9% 
(nmj, n = 208 synapses; GluH2/3 double knockout: 1 75.7% ± 0.34% 
(nrn], n = 227 synapses, p = 0.33) were estimated on thin-section 
images covering neuropil regions totaling 4000-7000 (im* from two 
animals for each genotype (Meng et al„ 2002). 

Electrophysiology 

The procedures for electrophysiological recordings were described 
previously (Jia et al., 1996; Meng et aL, 2002). Briefly, hippocampal 
slices (400 p.m) were prepared from 10 days to 6-month-old mice 
(the age of the mice was indicated in each experiment) and allowed 
to recover in a holding chamber for at least 1 hr. A single slice 
was then transferred to the recording chamber and submerged and 



supervised with 95% O r 5% CO a saturated artificial CSF (ACSF, 
2 ml/min). The ACSF contained 120 mM NaCl, 2.5 mM KCI, 1.3 mM 
MgS0 4 , 1.0 mM NaHjPO*, 26 mM NaHCOj. 2.5 mM CaCI 2 , and 11 
mM D-glucosa For field EPSPs, the recording pipette (3 Mfl) was 
filled with ACSF solution. For whole-cell voltage-clamp recordings, 
the patch pipette (3-5 MO) contained the following: 132 mM Cs 
gluconate, 17.5 mM CsCL 0.05 mM EGTA, 10 mM HEPES, 2 mM 
Mg-ATP, 0.2 mM Na-GTP, QX-314. pH7.4 (292 mOsm): for current 
clamp, it contained 1 50mM K*MeSO«, 0.1 mM EDTA, 1 0 mM HEPES, 
and 2 mM Mg-ATP, pH 7.4 (290 mOsm). Synaptic responses were 
evoked by bipolar tungsten electrodes placed 200-400 urn from the 
ceO body layer in the CA1 area. fEPSPs were measured by taking 
the slope of the rising phase between 5% and 60% of the peak 
response. Unless otherwise Indicated, LTP and dedepression were 
induced with two trains (intertrain interval of 10 s) of 100 Hz stimula- 
tion each tasting 1 s. LTD and depotentiation were induced by low- 
frequency stimulation (LFS) at 1 Hz lasting 15 min for field experi- 
ments and lasting 10 min at a holding potential of -40mV for whole- 
cetl experiments. Peptides were synthesized and purified by the 
Advanced Protein Technology Center at the University of Toronto, 
Toronto, Ontario, CAN. The amino acid sequence for D15 was 
PPPQVPSRPNRAPPG and the corresponding scrambled peptide 
(S15) was ANVRRGPPPPPQPPS. Peptides (1-0 mM) were added to 
the intracellular solution immediately before experiments. All data 
acquisition and analysis were done using pCLAMP 7 software (Axon 
instruments). When average data were plotted, data were normal- 
ized to the average of the baseline responses unless Indicated other- 
wise. All data were statistically evaluated by Student's t test 
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Construction a knockout mouse 



For decades researchers have tried to create tools that allowed for precise control over a specific gene in 
order to study its function *ln^ 
transfer was?devdoped&R"hisri^ 
Jnyolving^e ;iryec^r^^ 

^. irj^ transformed fertilized eggs were then injected back into pregnant 

females and brought to term. A major downfall of this technique is that researchers could neither predict nor 
control where in the genome the foreign genetic material would be inserted. Since a gene's location in the 
genome is important for its expression pattern, mouse lines carrying the same transgene could display wildly 
varying phenotypes. 



An innovative solution that resolved this conflict 
was originated by a team of scientists led by Martin 
Evans, Oliver Smithies and Mario Capecchi who 
created what is known as a genetic "knockout". By 
creating a knockout they proved that it was 
possible to aim the inserted gene at a precise 
location in the mouse genome. This gave scientists 
the ability to replace, or knock out, a specific gene 
with an inactive or mutated allele. Therefore, 
knockout animals are considered an investigative 
technique that allows for a particular gene of 
interest to be removed, and define exactly what 
effect that gene has in the life of an organism. The 
gene knockout is created by selectively disabling a 
specific target gene in a particular type of cells 
called embryonic stem cells. The three scientists 
received the Lasker Award in 2001 for this 
achievement. The technique has been used to 
make several thousand different knockout mice. 
KnocJ^ 

useful?sdent^?tcK)ls5in?helpingito r understan 
^uman?genome^ffij^roi^rPdisease^ 



pronuclei 




holding pipette 



fertlised egg 



imicroinjectDN* irto 
jf mate pronucleus 





transfer to oviduct of 
pseudopregnant female 
to implarl 




Transgenic mouse 
Figure 1. Pronuclear microinjection. Genetic 
material is injected directly into the fertilized egg 
which is then implanted back into a mouse and 
allowed to come to term. 



The process of gene targeting involves>two 
pracesse^ 
Oricet^ 
^intoem^ 

Jfromithese cellis 1 . The vector consists of two regions of homology at either end, the disrupted gene of interest 
and two additional genes to allow for quality control in the process. The regions of homology are located at 
either end of the vector and are complementary to specific sites on the genome surrounding the gene of 
interest. The vector binds to the genome at these two points of homology. This technology then takes 
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advantage of the process of recombination to swap the disrupted gene for the real one. Here the two 
additional genes are used. In order to make sure that the vector has been inserted into the genome, the 
neomycin resistance gene is included. If the vector has not been inserted then all cells will die when the cells 
are grown in neomycin. It is also possible that the vector has been inserted into the genome in the wrong 
place. To make sure this has not happened, the thymidine kinase (tk) gene is also added into the construct 
outside the region of homology. If recombination has taken place then the tk gene will not be in the genome 
and so cells will be insensitive to gancyclovir. However if the vector has been inserted into the genome 
completely then the cell will die when grown in gancyclovir. Thus through positive and negative selection, cells 
with the correct insert can be isolated. Figure 2 illustrates this process. 



manufactured vector 



i i i ^r i i i 



Targeted gene 
insertion 



I Random geneS^. No insertion 
insertion ^4 




1 1» MT1 



1 1 mmmwmMMmm^ ■ mm hi 




eel resi start to both 
neomycin and gancyclovir 




i 1MB 1 

cell tdSed by 
neomycin 



cell resistant to neomycin: 
kited by gancyclovir 



A = original alete | =regtons of homology 

A*= replacement allele tk = thymidine kinase 

Figure 2. Construction of a vector. The vector consists of two homologous 
regions which have complementary strands of DNA either side of the targeted 
gene in the genome. The disrupted gene along with a gene coding for neomycin 
resistance are included between the homologous regions. A thymidine kinase gene 
is included outside the homologous region. Once the vector is introduced into the 
host cell, it can either be incorporated into the genome by homologous 
recombination (the desired result), undergo complete insertion into the genome at 
an undesirable point or not be taken up by the cell at all. Neomycin resistance is 
used to select for cells in which the vector has been taken up and then gancyclovir 
sensitivity is used to select for cells which have undergone recombination. 



Embryonic stem cells are used as the target cells for the insertion of these vectors because they are 
pluripotent, meaning that they can give rise to every different type of ceil in the adult body. Scientists 
interested in examining a specific gene will remove or "knock out" the gene in an embryonic stem cell as 
described above, then put the cell into a recently fertilized embryo. The manipulated cell then divides and 
eventually develops into many different tissues. The result is a mouse in which some of the cells have 
developed from the knocked-out embryonic stem cells. Often embryonic stem cells which give rise to mice 
with a brown coat colour are injected into blastocysts which give rise to mice with a white coat colour. This 
allows the researcher an easy way to see which mice have contributions from both the injected cells and the 
blastocyst: if a mouse is completely white, then no injected cells grafted with the blastocyst. On the other hand 
if the mouse has both brown and white markings on its coat, then the injection of knockout embryonic stem 
cells was successful. After finding mice which have contributions from both cell types, the mice are bred to 
propagate the knockout gene to a certain percentage of the progeny, a process known as germ-line 
transmission. Once germ-line transmission is achieved, it is possible to breed mice where some are missing 
the knocked-out gene while others are not. In this case the latter group can act as a control group to see if the 
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experiment has worked. Fig ure 3 illustrates the process of making knockout mice once the vector has been 
taken up by the cells. 

Uses of knockout mice 

Knockout mice are used in a variety of ways. They allow 
to test the specific functions of particular genes and to 
observe the processes that these particular genes could 
regulate. What actions does this gene it turn off and on 
Examining what is happening in an in vivo (inside the 
body) model, we are able to determine the effects a 
particular gene may have, that would otherwise be 
impossible to observe in a culture dish. However, to 
completely establish and assign an action to a particular 
gene is very challenging and requires an incredible 
amount of work. 

One of the most exciting applications of knockout 
technology is in biomedical research. Scientists are 
using these models to study the progress of thousands 
of genetically based diseases at the molecular level. The 
hope is that by better understanding how a certain gene 
contributes to a particular disease, researchers can then 
take the knowledge a step further and look for drugs that 
act on that gene. Another essential application of 
knockout mice is in drug development. The knockout 
technology defines a path forward for the 
biopharmaceutical industry to discover the next 
generation of blockbuster potential therapies for curing 
numerous diseases based on novel targets from the 
human genome 4 . 

Although knockout technology is highly advantageous 
for both, biomedical research and drug development it 
also contains a number of limitations. For example, 
because of developmental defects, many knockout mice 
die while they are still embryos before the researcher 
has a chance to use the model for experimentation. 
Even if a mouse survives, several mouse models have 
somewhat different physical and physiological (or phenotypic) traits than their human counterparts. An 
example of this phenomenon is the p53 knockout. Gene p53 has been implicated in as many as half of all 
human cancers. However p53 knockout mice develop a completely different range of tumors than do humans. 
In particular, mice develop lymphomas and sarcomas, whereas humans tend to develop epithelial cell-derived 
cancers^. Because such differences exist it cannot be assumed that a particular gene will exhibit identical 
function in both mouse and human, and thus limits the utility of knockout mice as models of human disease. 

More advanced types of knockouts 

Recently newer technologies have been developed which allow for conditional knockout or tissue-specific 
gene targeting. The goal of conventional knockout technology is to knock out both alleles so that the gene is 
entirely absent from all cells. The purpose of conditional knockouts, in contrast, is to delete a gene in a 
particular organ, cell type, or stage of development 5 . Researchers can use the technique to knock out certain 
portions of specific genes at particular times when it is important for them to do so. Conditional knockout mice 
have several benefits over the conventional technique. Not only do they typically survive longer than 
traditional knockout mice but also conditional knockout methods are more precise. There are several different 
ways to make conditional knockout models, however the most widely used method is the Cre-loxP 
recombinase system. Cre recombinase is an enzyme that works like scissors to cut out a gene that is in 
between two target sequences called loxP, Because this enzyme is expressed only in certain cell types, the 




Figure 3. Injecting a vector. Once a vector 
has been incorporated correctly into the 
embryonic stem cells genome, the cells are 
expanded in culture and injected into 3.5 day 
old mouse blastocysts. The blastocysts are 
injected into the uterus of a pregnant female 
and the embryos allowed to come to term. 
Following selection of mouse with brown coat 
colour, these are bred to make pure 
knockout mice. 
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targeted gene will be knocked out of only those cells and only when the researcher wants them to be. 




34 bp LoxP sequence 








Figure 4. The Cre-Z-oxP system. The loxP site can be inserted either 
side of a piece of DNA. (A) If Cre recombinase is then expressed in the 
cell, the loxP site will be cut and joined together, removing the piece of 
DNA between the two sites. (B) Since the loxP site is directional, it can 
also be used to invert pieces of DNA which are between it. Here two 
loxP sites which are inserted either side of a piece of DNA in opposite 
directions. Once Cre is expressed, the loxP sites are both cut and the 
piece of DNA inverted and reattached. 

Disadvantages of knockout technology 

Although knockout mice are extremely useful in studying gene function, producing custom knockout mice is 
very expensive. Typical cost ranges anywhere from $3,000 to as much as $30,000. There are hundreds of 
knockout mice commercially available. These can be purchased from a variety of companies, one being The 
Jackson Laboratory (Jax) in Bar Harbor, Maine. 

It is also important to consider the cost of care for genetically altered animals, as they require special 
transgenic core facilities where staff can assist researchers with housing and taking proper measures to keep 
these knockout animals at optimal conditions for research purposes. The cost of equipping and maintaining 
such a facility is usually very high and may be a limiting factor. 

Conclusions 
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Refining Transgenic Mice 

Emerging technologies allow researchers to make tissue- 
and developmental stage-specific knockouts j By Leslie Pray 

Mice have been freeloading on 
humans for millennia. Now, in 
laboratories around the world, 
scientists are returning the favor. Model 
systems such as the fruit fly Drosophila 
melanogaster and the nematode 
Caenorhabditis elegans are actually easier 
to work with than mice, but mice are more 
closely related to humans, making them 
better models of human physiology. "For 
modeling genetic diseases like breast can- 
cer, you definitely need mammals," says 
Kay-Uwe Wagner, a molecular biologist at 
the Eppley Institute for Research in Cancer 
and Allied Diseases, Omaha, Neb. 

Early in the. 20th century, geneticists 
used inbred mouse strains for much of 
their work. 1 Long before the true nature of 
a gene was understood, geneticists were 
using inbred mice — genetically identical 
animals, akin to identical twins — to map 
murine genes. These early mice had other 
uses, too: they served as xenograft hosts 
and helped researchers tease apart the 
nuances of the immune system. 

In the 1970s and 1980s, as molecular 
biology ascended, transgenic technology 
gave researchers the power to insert 
exogenous, human genes into mice. Mus 
muscufus became the preferred model 
organism for investigators keen to under- 
stand the functions of human genes. But 
transgenic technology, whileelegant/was 
crude by comparison with the gene, 
"knockout" strategies that emerged later. 
This gene-targeting technology — also 
known as targeted mutagenesis and gene 
replacement technology — gave investiga- 
tors a powerful new tool to study the 
genetic basis of mammalian development 
and disease. Most recently, researchers 
have refined these tools and begun 
exercising ever more; precise control over 
the changes they malie as they seek to dis- 
cern a specific gene's function. 

BREAKTHROUGH TECHNOLOGY Trans- 
genic or gene transfer technology origi- 
nated in the early 1980s with the develop- 
ment of a technique known as pronuclear 
microinjection: the transfer of genetic 
material into rodent embryos. 2 Re- 
searchers needed only an inverted micro- 
scope and a microinjector (see table), 
and by the end of the decade, hundreds of 
transgenic mouse lines were being pro- 
duced in laboratories worldwide. The 



problem was, researchers could 
neither predict nor control where 
in the genome the foreign genet- 
ic material would insert. As a 
result, mouse lines carrying the 
same transgene could display 
wildly varying phenotypes. 
Then, Mario Capecchi, a human 
geneticist at the University of 
Utah, changed all that.3 

"There was a breakthrough in 
altering the gene in the late '8os, 
early '90s, when the gene targeting 
technique was pioneered by Capec- 
chi ( n explains Wagner. Using homolo- 
gous recombination— the exchange of 
equivalent DNA sequences between the 
host genome and the introduced genetic 
material — Capecchi proved it was possi- 
ble to aim the transgenic insertion, or 
transgene, at a precise location in the 
mouse genome. 4-5 This. gave scientists 
the ability to replace, or knock out, a spe- 
cific gene with an inactive or mutated 
allele. By comparing the phenotypes of 
these knockout mice to those of wild-type 
mice that still have all their genes intact, 
researchers can readily deduce the func- 
tion of the targeted gene. Conversely, sci- 
entists can also "knock in" a wild-type 
gene to test whether a particular muta- 
tion causes a given phenotype. Last year, 
Capecchi, Oliver Smithies, and Martin 
Evans shared the Lasker Award for their 
seminal work in the development of 
knockout technology in mice.3 

One of the most exciting applications of 
murine knockout technology is in biomed- 
ical research. Scientists are using the mod- 
els to study the molecular pathologies of a 
variety of genetically based diseases, from 
colon cancer to mental retardation. The 
hope is that by better understanding how a 
certain gene contributes to a particular dis- 
ease, researchers can then take the knowl- 
edge a step further and look for drugs that 
act on that gene. 

Still, knockout technology has its limi- 
tations. Because of developmental 
defects, many knockout mice die as 
embryos before the researcher has a 
chance to use the model for experimenta- 
tion. Even if a mouse survives, several 
mouse models have "somewhat different 
phenotypes" from their human counter- 
parts, says Wagner. The pS3 knockout is a 




O MOUSE HOUSE: Scientists at 
Taconic's Molecular Analysis Laboratory 
genotype transgenic rat and mouse lines. 

good example. ps3 has been implicated in 
as many as half of alt human cancers, but 
P53 knockout mice develop a different 
spectrum of tumors than do humans. In 
particular, mice develop lymphomas and 
sarcomas, whereas humans tend to devel- 
op epithelial cell-derived cancers. This 
phenotypic difference limits the utility of 
knockout mice as models of human dis- 
ease. 6 Now, a new technology known as 
conditional knockout or tissue-specific 
gene targeting is providing a way around 
these limitations. 

THE NEXT GENERATION The goal of 
conventional knockout technology, 
explains Wagner, is to knock out both alle- 
les so that the gene is entirely absent from 
all cells. The purpose of conditional 
knockouts, in contrast, is to delete a gene 
in a particular organ, cell type, or stage of 
development. Researchers can use the 
technique to knock out certain portions of 
specific genes. These conditional knock- 
out mice offer at least two benefits. First, 
they typically survive longer than tradition^ 
af knockout mice. In addition, if knockout 
mouse technology is more precise than 
transgenic technology, conditional knock- 
out methods are even more so. 

For more than a decade, for example, 
researchers have known of the link 
between BRCAi mutation and breast can- 
cer. But BRCAi knockout mice, in which 
the entire gene was deleted, did not sur- 
vive, hindering efforts to understand this 
gene's function. It was not until Chu-Xia 
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Deng and his colleagues at the National 
Institutes of Health engineered 8RCA1 
knockout mice with a disabled exon 11, 
that scientists began to understand the 
gene's precise function and role in 
tumorigenesis.? Indeed, Deng says that 
much of the attention that his work has 
received is from scientists who are just as, 
if not more, interested in his animal 
model than the results of his research. 

There are several different ways to 
make conditional knockout models, but 
the most widely used method is the Cre- 
te;^ recombinase system. Scientists use 
Cre recombinase like scissors, Wagner 
explains, to excise a gene that has been 
flanked by two (oxP target sequences. 
Because Cre recombinase is expressed 
only in certain cell types, the targeted gene 
will be knocked out of only certain cells. 

Like Deng, Wagner and his colleagues 
have beeri using the Cre-/oxP recombina- 
tion system to generate transgenic mice 
with mammary tissue-specific gene dele- 
tions. "You can narrow the window down 
even further to a particular time frame you 
want to study," says Wagner. "You can 
really refine the whole technology to do 
exactly what you want to do." 

Wagner and his colleagues are using 
the Cre system to target and knock out 
transcriptional stop sequences as a way to 
permanently activate genes, enabling their 
use as cellular labels. By staining for the 
gene activity of these constitutive genes, 
says Wagner, researchers can follow the 
cells at any physiological stage. 

Wagner's team is using this genetic 
labeling system in its search for cellular 



clues to why women who have been preg- 
nant are at lower risk for breast cancer. 8 
"We have identified a certain population 
of cells in the mammary gland that genet- 
ically are different but morphologically the 
same. Maybe these are the cells that pro- 
tect." Wagner says that by labeling cells 
and making them traceable, researchers 
can learn much more about the kinds of 
cells that give rise to cancer. "It is very 
exciting," he concludes. 

mice FOR SALE Conventional knock-, 
out technology has become so well estak 
lished that its methods are described ia 
cookbook-style manuals.Xonditional 
knockouts, on the other hand, are "a bit 
more complicated to make," says Wagn- 
er. Technical challenges aside nowever, 
there are two good reasons to obtain 
knockout mice from a third party, com- 
mercial or otherwise: time and money. 
Donna Culezian, product manager at 
New York-based Taconic, estimates that it 
takes at least one to two years to make a 
new knockout mouse, and then the ani- 
mals must be carefully scrutinized. Com- 
mercially available mice, on the other 
hand, tend to be fairly well characterized, 
she says. "If you're building on work that 
someone else has done," says Culezian, 
"you can use the same mice without a 
loss of integrity." 

Custom knockout mice are also big- 
ticket items. "Making a knockout is very, 
very expensive," 
explains Wagner. A 
core facility might 
charge from $3,000 
to $10,000 to make a >fe 



knockout mouse, while a contractor might 
charge as much as $30,000. Commercial- 
ly available mice, in contrast, generally 
sell for several hundred dollars. 

One of the primary suppliers is the not- 
for-profit The Jackson Laboratory (Jax) in 
Bar Harbor, Maine. With more than two 
million mice from over 2,700 different 
strains shipped to thousands of labs 
worldwide every year, Jax (www.jax.org) is 
the world's largest supplier of laboratory 
mice. And with more than 300 knockout 
mice already available or currently under 
development, they are also the largest 
supplier of knockouts. 

Taconic (www.taconic.com) is the 
largest commercial supplier of transgenic 
mice and rats. According to Culezian, the 
company sells about 40 different knock- 
out lines to hundreds of institutions 
worldwide. About a third of their clients 
are academic institutions, one-third are 
government, and the remainder are for- 
profit institutions. 

Except for about 30 of the in-house 
knockout strains that come from Jax, 
neither )ax nor Taconic actually creates the 
mouse models themselves. Rather, they 
work in collaboration with outside investi- 
gators who are engineering the models, 
says Culezian. Most, but not all, of these 
investigators are in academia. Taconic 
then imports the line and does additional 
work to stabilize the genome and ensure 
the health of the line. Despite some over- 
lap with lines from jax, Taconic's aim is to 
produce unique lines. "Our ^53 knockout 
is definitely our top selling model," says 
Culezian, finding wide use in short-term 
carcinogenicity studies. The MDR [mul- 
tidrug resistance] knockouts, which are 
used for drug transport and availability 
studies, are also popular. 

Although jax and Taconic are the 
primary suppliers of already-engineered 
knockout mice, the UK-based B & K Uni- 
versal (www.bku.com) also offers knock- 
out mice commercially; they sell about a 
dozen different strains. And the MMHCC 
(Mouse Models of Human Cancers Con- 
sortium) Repository at the National Cancer 
Institute in Frederick, Md , which was 
founded just last year, has about 10 
knockout strains currently available 
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(web.ncifcrf.gov/researchresources/ 
mmhcc/information /about asp). 

MOUSE HOUSES ON CAMPUS Many 
universities have on-campus transgenic 
core facilities, where staff can . assist 
researchers with everything from engineer- 
ing the knockouts to housing them. Wash- 
ington State University's (WSU) Center for 
Reproductive Biology, for example, has a 
transgenic core facility for which space was 
set aside in one of the campus vivariums, 
according to Eric Nilsson, a researcher at 
WSU and one of the staff who oversees the 
facility. The core has existed for about two 
years, according to Nilsson, with- usually 
three or four researchers using it at any one 
time. Most of the knockouts that the core 
scientists use come from Jax and Taconic, 
but the core also subsidizes researchers 
who develop their own knockouts. 

One of the primary advantages to 
having this kind of for-hire resource on cam- 
pus is that scientists need not know any- 
thing about knockout technology to use the 
facility. If the prospect of incorporating 
knockout technology into your research pro- 
gram is too daunting to set out on your own, 
you just ask for help. "That's part of my job/' 
says Nilsson. "To help lead you through." 

But before committing the resources to 
make a knockout mouse, researchers 
should be certain that nobody has beaten 
them to the punch. Contact the primary 
mouse vendors, as'well as prominent 
researchers in the field. A small bit of leg- 
work could save months or even years of 
bench work. "I would bet lots of animal 
models are shipped between researchers for 
collaboration," observes Wagner. Indeed, he 
says, many researchers don't make their 
models commercially available at all. ®. ^. 

Leslie Pray (lpray@nasw.org) is a 
freelance writer in Leverett, Mass. 
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USPS, Biotech Forge Alliance 

Companies vie for lucrative pathogen-detection 
system contracts j By Jim Kling 



In its ongoing efforts to ensure the safety 
of the mail system, the US Postal Service 
(USPS) is turning to PCR-based 
pathogen-detection systems. On May 13. 
USPS announced a $3.7 million (US) agree- 
ment with the Baltimore, Md. -based 
Automation and Information Systems 
division of Northrup Grumman, to test a 
multicompany system in one of the USPS's 
central processing facilities. At the core of 
the technology is the GeneXpert* system 
developed by Sunnyvale, Calif-based 
Cepheid. A competing device from 
Lockheed Martin is undergoing prequalify- 
ing evaluations. 

Soon after the October 2001 anthrax 
attacks, USPS decided to install a biolog- 
ical detection system to head off future 
attacks. It consulted the military, which 
suggested PCR-based approaches over 
immunoassays or mass spectroscopy- 
based instruments. "It's a proven tech- 
nology, and the military has been using it 
since the Gulf War for field-testing of 
anthrax in a combat environment," says 
USPS spokesman Gerry Kreienkamp. 

But surveying the USPS presents very 
different challenges from the battlefield. 
The threat comes from powder-laden let- 
ters sorted along with harmless 
envelopes through pinch rollers, which 
sort them into appropriate bins in central 
processing facilities. Last October, those 
pinch rollers liberated anthrax spores 
from letters intended for Sens. Tom 
Daschle (D~SD) and Patrick Leahy 
(D-Vt.), causing a cross-contamination 
that officials now believed killed two 
women in New York City and Connecticut. 

"So our strategy is this: We want to 
[identify] a release at these pinch 
points... so we know if we detect the 
presence of a biohazard in some piece of 
mail at the first piece of equipment that 
it's run through, then we can isolate it. 
That letter will not have left the build- 
ing," says Kreienkamp. 

Northrop's system is based on 
Cepheid's GeneXpert technology, which 
boasts a turnaround time of less than 30 
minutes. According to Kurt Petersen, 
Cepheid's president, its efficiency is due 
to two key improvements over other sys- 
tems — ultrasonic lysing and freeze-dried 




O SILENT SENTINEL* Cepheid's Gene- 
Xpert system, core of q developmental 
bio-hazard detection system intended for 
use in postal processing facilities. 

PCR components. Ultrasonic lysing obvi- 
ates the need for harsh lysing chemicals, 
which otherwise must be removed from 
the sample prior to PCR analysis. The 
freeze-dried components are particularly 
vital for a system that gets used on the 
battlefield, though not as critical in a 
post office. "There is no practical way of 
having refrigerated reagents in a field sit- 
uation," says Petersen. 

For security reasons, Lockheed Martin 
is remaining tight-lipped about the nature 
of its system, saying only that it is very 
early in the testing process with USPS 
and that it differs substantially from the 
BioMail™ system that is currently in use 
to screen mail systems in both govern- 
ment and commercial applications. 

The company that comes out on top 
can expect a big payoff, as USPS will 
install systems into about 290 processing 
facilities. But the competition is intense! 
"I can't say enough about the dedication 
of the post office employees," comments 
Petersen. "The testing was grueling. You 
arrived at 7 am and you left at 8 pm at the 
earliest, and the postal service people 
were still there." 0 

Jim Kling (jkling@nasw.org) is a 
freelance writer in Washington, DC. 
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The life 
history of 
the mouse 
in genetics 




The Mouse Genome 
Sequencing Consortium 




At its inception in 1990, the 
Human Genome Project 
included the mouse as 
one of its five central model 
organisms to have its genome 
sequenced. In 1999, with the 
human genome sequence well 
under way. three major sequen- 
cing centres (the Wellcome Trust 
Sanger Institute, the Whitehead 
Center for Genome Research 
and Washington University 
Genome Sequencing Center) 
launch a concerted effort to 
sequence the mouse genome, 
under the title of the Mouse 
Genome Sequencing 
Consortium. By 2002. the 
consortium has expanded to 
embrace scientists from 26 
institutes in six countries. 



The human genome 

The first drafts of the human 
genome are published. 
The publicly funded 
Internationa! Human Genome 
Sequencing Consortium 
publishes its draft sequence in 
Nature, going head-to-head with 
Celera Genomics, a US-based 
company led by Craig Venter, 
which publishes in Science. Both 
of these milestone achievements 
provide a panoramic view of our 
genomic landscape, estimating a 



size of 3.2 billion base pairs (Gb) 
and predicting some 31,000 
genes. Much work needs to be 
done to produce a complete 
sequence, but the collaborative 
effort of the public consortium 
coupled with the Celera 
sequence reflect an 
unprecedented achievement. 



The private shotgun 
mouse genome 



Celera sells its draft mouse 
sequence, which has 
been generated by whole- 
genome shotgun sequencing — 
a technique in which the entire 
genome is sequenced at once. 
Five-fold coverage of the mouse 
genome is made available to 
private customers for $45,000 for 
a three-year contract. Celera's 
sequence is made up of four 



strains of mouse, including 
DBA, but not C57BL/6J - the 
subject of the publicly funded 
sequencing effort. 



Mouse chromosome 16 

Using the sequence 
generated by Celera's 
private mouse genome, 
Richard Mural et al. publish an 
analysis of the sequence of 
mouse chromosome 16 in 
Science. They find that there is 
a large region with high genetic 
similarity to human chromosome 
21 . which has already been well 
characterized. 



Physical map of the 
mouse genome 



nature 



Physical map of the 
mouse genome 



An international consortium 
provides the framework 
for the full determination 
of the mouse DNA sequence 
by building a physical map of 
the genome. Large blocks of 
correspondence between mouse 
and human sequences make it 
possible to lay out chunks of 
decoded mouse sequence 
and, conversely, the mouse map 
can be used to fill gaps in the 
human genome. 



The mouse genome 



The Mouse Genome 
Sequencing Consortium 
publishes the culmination 
of international efforts — a 
high-quality draft sequence and 
analysis of the genome of the 
C57BL76J mouse strain. The 
estimated size is 2.5 Gb, smaller 
than the human genome, with 
less than 30,000 genes. About 
40% of the human and mouse 
genomes can be directly aligned 
with each other, and about 
80% of human genes have 
one corresponding gene in the 
mouse genome. Accompanying 
papers detail various other 
aspects of the genetic make-up 
of the mouse, and through the 
efforts of the RIKEN Genome 
Science Laboratory in Japan, 
many essential resources are 
made freely available. 

For an extended, interactive 
version of this timeline, visit our 
Mouse Genome Web Focus a I 
> www.nature.com/nature/ 
mousegenome, which also contains 
all of the articles on the mouse 
genome from this special issue, 
available free. These are 
accompanied by related articles 
from the archives of Nat tire and 
Nature Reviews Genetics, available 
free until 5 March 2003. 
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timeline 

The house mouse, Mus musculus, has been inextricably linked with 
humans since the beginning of civilization — wherever farmed food 
was stored, mice would be found. Many of the advances in 
twentieth-century biology owe a huge debt to the mouse, which has 
become the favoured model animal in most spheres of research. 
With the completion of the draft sequence of its genome published in 
this issue, the mouse promises to continue to provide us with an 
essential resource for all aspects of biology. In this timeline, we chart 
the key events in the history of the mouse that led to this landmark 
achievement. 



A common ancestor 
of mice and humans 



The common ancestor of 
mice and humans — a 
creature about the size of a 
small rat — lives alongside the 
dinosaurs. The picture above is 
125-million-year-old Eomaia 
scansoria, the earliest known 
representative of the Eutheria 
lineage, which gave rise to all 
modern placental mammals. 




The genus Mus is 
established, although the 
name comes much later, via 
Latin, from the ancient Sanskrit 
word 'mush', meaning to steal. 
Mus musculus, the house mouse, 
does not appear as a distinct 
species until after the end of the 
last ice age, at about 8,000 bc. 
The picture shows an early 
depiction of the mouse in a detail 
from a Chinese zodiac dating 
from ad 877. 



Fancy mice 
become tab mice 

Generations of 'fancy mice' 
are created during the 
nineteenth century, as 
hobbyists selectively breed the 



house mouse, pw —pn^ ^ 
These mice ^^^fehv 
have a range oS^SGlSi 
of different i^Sw 
coat colours, " ^ 
and among fr A L 
the mutations *' ^mj 

created are La^^^KS 
agouti and satin, both still used 
in research today, tn 1 900, Abbie 
Lathrop, a retired schoolteacher, 
turns her hobby of breeding 
fancy mice into a business, 
selling the animals from her farm 
in Gran by, Massachusetts. 
Within two years, biologist 
William Ernest Castle (above) has 
begun buying mice from her to 
conduct experiments in his lab in 
nearby Harvard, testing Mendel's 
laws of inheritance on coat 
colours. 



Birth of the lab mouse 



First transgenic mouse 




Clarence Cook Little (above), 
a Harvard biologist from 
William Castle's lab, 
develops the first inbred mouse 
strain, known as DBA (dilute 
brown non -agouti). He is 
convinced that studying a 
genetically pure breed will unlock 
the secrets of human diseases 
such as cancer. This event is 
subsequently hailed as the birth 
of the modern lab mouse, and 
DBA mice are still used in 
genetics tabs today. 



Clarence Little breeds 
the mouse strain C57BL 
from a female mouse 
code-numbered 57 bought from 
Abbie Lathrop's farm. C57BL 
becomes one of the most widely 
used and important mice to 
geneticists, and is the strain 
that will have its genome 
sequence completed and 
published in 2002. 



The Jackson Laboratory 




Two car barons, Eds el Ford 
(son of Henry) and Roscoe 
Jackson, head of the 
Hudson Motorcar Company, 
provide backing for Clarence 
Little to set up the Jackson 
Laboratory in Bar Harbor, Maine. 
The lab grows into one of the 
world's most important research 
centres for mouse genetics. 



First computer database 
for mouse genetics 



The Jackson Laboratory 
updates its card-file 
database for mouse 
genetics by designing the 
first computer database for 
mammalian genetics. It forms 
the precursor to the Mouse 
Genome Database, which will 
serve as the hub of mouse- 
genome sequencing projects. 




A team led by Richard 
Palmiterand Ralph 
Brinster fuse elements 
of a gene that can be regulated 
by dietary zinc to a rat growth- 
hormone gene, and inject it into 
fertilized mouse embryos. The 
resulting mice, when fed with 
extra zinc, grow to be huge, and 
the technique paves the way for 
a wave of genetic analysis using 
transgenic mice. 



The first knockout mouse 

Teams led by Martin Evans, 
Oliver Smithies and Mario 
Capecchi create the first 
'knockout' mice, by selectively 
disabling a specific target gene 
in embryonic stem cells. The 
three receive the Lasker Award in 
2001 for this achievement, and 
the technique goes on to be 
used to create several thousand 
knockout mice. 



Mouse clones 

After Dolly the cloned 
sheep in 1997, a team 
in Hawaii produces 
Cumulina and her clones, 
the first cloned mice. 
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Technical Knockout 
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Gene-targeting strategies provide an 
avenue for studying gene function 

By Christopher M. Smith 

few years ago. o scholarly scientific society pub- 
lished an artecdote in its monthly newsletter that 
^ ^described the different approaches <o scientific dis- 
covery taken by geneticists and biochemists. In the story, a 
geneticist and a biochemist aw on a hill overlooking an 
auto manufacturing plant, observing parts and workers 
Ming into one end of the plant and a finished product 
moving Out of the other. The two arc intrigued and want w 
find out now the fanuliar-kxjking product, a metal shell 
with transparent solid parts sitting on round rubber rings, 
works. The biochemist's approach h to stud one of the fin- 
ished products, then take it apart and analyze each part 
separately. The geneticist's approach is to tie up certain 
workers or steal certain parts before 
osscmbly, then observe (from afar!) the 
effect on the product exiting the plant. 

The fatter approach essentially : 
describes what is referred to as "knock- ' 
dof or "gene-targeting- technology: the 
targeted removal of a specific gene or 
cassette of genes from an oiganisni's 
genome. The organism of choice in 
modern biomedical research is the 
arouse, Mus m*sc*dus. For genes with- 
out a known function, researchers can 
attempt to define a function by Knocking 
• the gene out of the genortuc repertoire of 
a mouse, then observing the resultant 
phenotype. In this synopsis of knockout 
technology, techniques and btofegicals 
as they apply to generation of knockout 
or "nniT mice will be emphasized 
instead of gene therapy of mammalian 
genetic disorders and diseases. But keep 
In mind that many technological princi- 
ples and methods apply to both. 

The Emmtyomc YtAJts 

Historically, researchers studying gene 

function have used various natural and 

induced mutant organisms, including 

bacteria, insects, plants, and mammals 

(especially mice). Over the last decade, 

researchers have made major inroads in 
• understanding human developrnent by 

studying mice with unusual, <fntttant phe- 

notypes and analyzing the gene or genes 

contributing to that phenotype. Mice are 

perfect models for human development 

Biologically sxaddng, ihey have many of 

the same genes, and hence many of the 
' same genetic diseases as humans. They 

also have a short lifespan, enabling study 

of (he full developmental cycle of various 

genes. A variety of mice bearing a broad 

spectrum of phenctypes are easily obtain- 
able in the laboratory through various 

crossings or through animal research sup- 
pliers such as The Jackson Laboratory of 
Bar Harbor. Maine, a not-for-profit 
research institution and international 
repository for mouse rnodds for biomedical research. 
Unfortunately, the classical method for generating mutants 
is rather taborious and time ajasurrung, and the majority of 
potentially biologically irnpc*tar* cloned genes do not have 
a ronespondtng mutation In the mouse stocks. 1 The intensi- 
ty of research up to the early 1980s had for the most part 
exhausted the supply of unique and useful mutants, and the 
technology at the time could not meet the growing need for 
genetically defined mutant mouse strains. The advent of 
gene-targeting technology overcame many of these hurdles. 

32 The Scientist ! 

July 24, 2000 



Gene-targeting technology was the product of two crit- 
ical scientific discoveries during the early 1980s. The first 
was development of a cultured line of putripotem mouse 
embryonic stem (ES) cells by Gall Martin of the 
University of California, San Francisco. 1 These cells couM 
be maintained indefinitely in the undifferentiated state, hut 
if the culture conditions were changed or the cells returned, 
to their natural e^ironment, they were capable of differ- 
entiating into all the ceil types of the embryo. The second 
scientific advance was the demonstration that foreign 
DNA (a vector construct bearing a marker gene) transact- 
ed into ES cells became part of the genetic makeup of all 





Move, embryonic stem ceffs cul- 
tured* iwfA Ufa Technologies' 
Knockout Serum Replacement 



embryonic cell types after injection into 
a mouse blastocyst 3 Subsequently, R.D. 
PaWer and colleagues (fcmonstratcd 
the first phenotypic change in a trans- 
genic mouse. 4 They created a targeting 
vector containing the gene for a rat 
growth hormone under the control of a 
heterologous f^roraoier. The resultant 
transgenic mice expressed massive 
amounts of the growth hormone and thus 
grew and grew and grew! The image of 
these ^uper" mice attracted media 
attention, and the mice quickly became 
the poster children for what the technol- 
ogy could accomplish. Many other 
rese arc hers were also able to demon- 
strate the inheritance (germ. line trans- 
mission) of marker genes introduced 
into a moose through this technology.* 
The heritabitity of introduced genes was 
the last biological hurdle to overcome in 
the generation of new, genotype-defined 
mutant mice for research. 

Right on Target 

The process of creating a transgenic 
^mouse follows six bask steps: I ) creating 
a geTte-urgeting construct; 2) transfect- 
?ing this construct into ES cells; 3) 
selecting for tramfected cells and con- 
fuming homologous recombination; 4) 
microinjecring the transgenic ES cells into a blastocyst: 
5) transferring the blastocyst to a pseudopregrranl female; 
and 6) performing various bock- and self-crosses to 
ensure the generation of a mouse homozygous for the tar- 
get gene. Although these steps may seem straightfor- 
ward, each has its own set of difficulties. 

Designing the targeting vector is perhaps one of the 
most important procedures in generating a knockout 
mouse. The vector's composition wilt have a major 
impact on tmrtsfecrion and targeting efficiency and the 



ability 10 select and screen for ES cell Iransformants. Tlic 
typical targeting vector is composed of a plasmid back- 
bone, selection markers, and target DNA (homologous to 
the target gene chromosomal integration site) derived 
from the host genome. TIk plasmid backbone provides 
the framework with which to manipulate and produce tar- " 
get vector tn a microbial host. It usually contains an ori- 
gin of replication and an antibiotic marker to select fur 
the targeting construct. Positive selection markers allow 
discrimination between transformed and norm^msforroed 
ES cells based on antibiotic resistance. For example, the . 
nco gene encodes neomycin ptrospfotransferase, which 
mediates host cell resistance to the antibiotic G41 8. 

One inherent problem with positive selection is that it - 
does not diBcreatfote between ES cell transformants (hat 
are the product of random (nonhomologous ) recornbtna- 
tron events and those derived from homologous events.. 
S.L. Mansour and colleagues, who introduced the con- 
cept of positive- negative selection, resolved this. 6 In a - 
nutshell a targeting construct bearing a positive-negative - 
selection cajMctte contains a standard positive selection . 
marker and a negative selection marker positioned at each 
end of the target DNA. Negative scicctroh markers 
include the human or herpes simplex virus TK (thymidine 
kinase) genes sad the HPRT (hypoxanthrrte -guanine 
ptmsphorirju^Hransferoe) gene. During homologous • 
recombination, the negative marker gene is not incorpo- 
rated into the host genome, whereas in random (nonho- 
mologous) recombination the marker is transferred Thus, 
by selecting against the marker, one can specifically iso- 
late hotnologoos rm*(iibtitttio^gcnaated taansformants, 

Stxatagene of La Jotta, Califs in collaboration with 
LexicOTG€*etiCTtncc*T^ 

cmnprchensive write of moleatowKicdlbttk>gyr*oa\K*s 
specifically developed tn generate knockout mice. The 
pKO Scrambler Series® of gerte-targeting vectors provides 
two "scranbled** polylinkcrt for bidirectional strbdonrag . 
of mouse genomic fragments as well as insertion sites for 
selection markers. The scrambled rwryttnkers, designated 
••SOTJmbkr A" and "Scrambler B." contain unique restric- 
tion sites and in: located upstream and downstream of the 
selection cassette. The porvlinkcr crjmbinatkms provide a 
wide variety of res^rictton-i'gotion options for incorporat- 
ing target geriornic DNA. Positive, negative, and corKftrion- 
a) selection may easily be incorporated rnlotheparenl.pKO 
Scrambler-based targeting construct through use of selec- 
tion elements from any one of a series (pKO Select) of 
selection plasmids. The pKO SelectNeo and pKO 
SelectPuro plasmids provide positive selection (neomycin 
and puromycin resistance, respectively); pKO SelecrTK 
(mvmidine kinase) provides negative selection; and pKO 
SdectHPRT (hypa-tanthine-guanine phospttoribosytoiris- 
fcrase) provides conditional select ion. Also available is the 
pKO Scrambler MTKV vector series, which contains both 
nee and 7X genes for buitt-m rxisitrve-negntive selection. 
Once 0 researcher has created a pKO targeting vector, a col- 
lection of tools called The Mouse Kit™ provides alt the nec- 
essary ES and feeder cell lines, cell culture/growth media, 
reagents, and detailed technical protocols for transfecling 
ES cells and selecting uattsfotmants. Once ES transfor- 
mants arc identified and targeted clones verified, they can 
be mtaoinjectcd into the blastocysts of mice. 

Researchers may also construct u targeting vector from 
scratch using a plasmid backbone. po J y l ^ kcr - ^ selec- 
tion cassettes from (he cloning vectors offered by number 
of major molecular biology suppliers. Although many 
providers do not specifically label their products for gene; 
knockout or gene therapy research, it is important to note 
that many of their products or derivatives of their products 
have extensive appficationi in this area. For exa ttqrfcyH . 
Lebtofa and colleagues report using sequence dernents 
from various vectors; pBS246 from Ufe Techoologrea of 
Rockville. Md.; pCEP4 and pCMV-EBNA from 
fnvitxpgen of Carlsbad, Califs pUT641 from Cayla of 
Toulouse. France; and pCiTE2a from Novagen of 
Madison, Wis., to construct their novel targeting vector. . . 



Froy (613) 998-3248 Order # 04599554DP03757104 Thu Apr 15 20:38:01 2004 

LabConsumer 



Page 3 of 4 



Products & Services for Knockout Gene Technology 




Atavkim Tin Cwunri Cautcrm* (WJ) J6VW0CL <***.*tix.mn 



QmAcs Bim tMQumob (800) U7-J2*/. wwwjcriw m wi i 



aOWTECM LuoMtnuu (BOO) 6C wwwtdontttbxo* 



0NXTluuii«MH3 SotJKB 5609) BW-OK*. *w**nrvd*nc«.ct*n 



ttrCuwi tMUUqtm {B0Q «2-Sfi61, wnmh)dao«.com 



teem .€m>o (800} 4304010. w*w«jnrj*e.<oro 



\ iMcMng ^mr (toning a 



ISKC(U 



tm Matsm Uwwwom(2D?) m-SOOOl wmrjaun? 



Uxioja Gncno t*G (lit* »*0W& «ww Jc*y wixooi 



Hk Motet PI &B»tarf h ccAdwrMk* «*» S w ib w| 



Cwfewf «TCMfl K*0WQW 5H 0>w 



(for enaimo Inun fc»c ttUQ) «3-52n. «wnAaB 



xolGfpttttfntn* 



B«*H Ih-ia UW* Tte-Ml «* Ptoftataotamfcotat AMSfrtc : pSl pCCpO- 



QmctM 900} tywwqW09eoe.com 



St««gOQ) jS-JQTa, iww u l gi i w ■ Ufc. hxoai 



ES-Cax Piudxtt. 1 UMjNefecrete cwfoct Etc of RftQtfrtS for At to vitro 
dBfetitfalaa 4f nwlM tmtxyanlc cttu tivi 



"Gene trapping*" is another strategy 
„ used 10 enhance selection for-hornQlo- 
' ? 'coos recombination-derived trans for- 
„ iiranls.^ This strategy capitalizes apon 
chromosomal dements near the target 
focus that ait not pan of the targeting 
vector. These chromosomal efeinrnts 
drive the transcription of a positive 
selection marker located within a target- 
tag cassette that has been spectftcatry 
position-inserted into the dpomosomal 
v DNA by homologous rcoombtnattori. 
Perhaps the most important dement 
of a targeting vector is the target 
DNA — that is, the OKA thai flanks the 
chromosomal focus of the gene, being 
replaced (replacement vectors) or at the 
5ite where one wishes to insert a gene 
(insert toaai vector). Two critical factors 
that come into play here arc the 
sequence identity between the target 
vector and the genome of the target ceil 
and the length of the homologous 
regions."* Ideally, the flanking chromo- 
somal DNA used in constructing the 
targeting vector should be obtained 
. from the genome of the ES cell line into 
which the targeting censmret will be 
tfansfected.The longer the homologous 
regions, the greater the targeting effi- 
ciency and hence the success rate in 
developing knockout strains. Generally, 
3-8 fcb of homologous DNA flanking 
the selection cassette should be includ- 
ed in the targeting construct. 
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How can you maximize your protein expression without acquiring 
additional manpower, expertise* equipment, or facilities? Cafl , 
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Puwting a Seed 
The standard transfection host for the targeting vector is 
Ibe pturipotcnt ES cctl isolated from mice. 7 ES celt lines 
from other organisms (monkey, hamster, human) are now 
also available. Most mouse ES cell Tines are derived from 
i he 129Sv mouse strain and on be self-prep ar ed or 
obtained from several research animal and cell provider*. 
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ES cells are typically maintained on a layer of nundi- 
vitfing feeder cells (mouse embryonic fibroblasts). The 
feeder cells produce growth fftctors used by the ES cells 
and provide a matrix for ES cell adhesion. It b recom- 
mended that researchers use feeder cells that rue resistant 
to the selection agents <e,g., antibiotics) used in the post* 
transfection screening for transformed ES cells. Feeder 
and ES cells are generally maintained in a 
growth medium composed of supplemented 
Dulbecco*s Modified Eagle Medium (DMEM) 
and fetal bovine scrum (FBS). Most feeder cells 
and culture media may be prepared independ- 
ently- or obtained from a commercial supptiet. 10 
Both the Stratagene^Lexicon Mouse Kit system 
and the EmbryoMax Mouse Cloning Kit 
from Specialty Media of Philhpsburg* NJ.. 
include ES cells, feeder ceils, and culture 
media. Researchers wishing to circumvent 
potential problems with undefined ES cell dif- 
ferentiation factors in FBS may substitute 
Life Technologies' Knockout™ Serum 
Replacement . 

Insertion of the linearized targeting cassette 
into ES cells is accomplished via a number of 
trans fcclioa techniques. 10 The transfsctcd cells 
are then returned to plates of feeder cells and ES 
culture medium to recover. After a day or two. 
selection agents are added to the growth media 
and transform aots identified through cell growth 
in the presence of these agents* Selected trans- 
are then subjected to PCR and/or 
Southern blot analysis to verify homologous 
recombination. Replacement and insertion 
recombination will yield tramfbrrnants lacking 
the targeted endogenous gene* or carrying a tar- 
geted exogenous gene* respectively. 

Historically, ES cell trsnsfevmants have been 
-inserted imo a blastocyst through rracroinjec- 
-lion techniques. This process requires much 
manual dexterity and sophisticated <i.e>, expen- 
sive!) equipment This hurdle has recently been 
circumvented through M cccultanT or "darning 
needle aggregation" techniques. 1 These 
techniques simply require the researcher to 
cocultivate the transformed ES cells with 
denuded eight-cell embryos (morulae lacking 
the zona pefrudda glycoprotein sphere), then 
recover the transformed blastocyst and implant 
it* into a pseudopregnant female mouse. This 
technique allows many researchers to embrace 
genc-targctiag technology. 

Chimeric mice produced from the blastocyst 
implant will be heterozygous for the target gene. 
Through a series of back- and self-crosses, a 
mouse homozygous for the targeted gene can be 
generated This genetically defined* stable, 
transgenic mouse can then be used for any num- 
ber of biochemical and physiological studies. 
These tests usually aim to decipher the intricate 
details of the function of the targeted gene 
and/or its gene product, and its relationship to 
other genes and gene products. 

Ou> PRostEfctSt, New Solutions 
Knockout mice have been instrumental in 
assessing mammalian reproductive and devel- 
opmental physiology. In (he not so distant 
future, medicine may also benefit from knock, 
out technology. A research team at the 
Massachusetts General Hospital in Boston has 
reported a gene knockout that prolongs ovarian 
lifespan in mice, a finding that may have impli- 
cations for human reproductrve therapy. ,J 
Knockout strategies are also being used to 
investigate sickle cell disease, 14 

One of the biggest limitations of knockout 
technology is that embryos with defects ir> early 
developmental genes often do not survive gesta- 
tion. Although this provides clues that the 
altered gene is involved in the earliest stages of 



development, downstream consequences of lite knockout 
arc not observable. One experimental approach lo cmnbat 
this involves introducing a construct expressing a partial* 
lor portion of the knockout gene into the null background 
to rescue the developmental defect hut not downstream 
functions. Recently GATA-2 null mice, which succumb to 
niidgestattonal death from hematopoietic failure, were 
rescued with a yeast artificial chromosome bearing 
GATA-2 sequences. 15 Restored hematopoietic function 
allowed full gestation, but the rescued pups were found to 
have genitourinary abnormalities, suggesting that CATA- 
2 also plays a role in urogenital development. 

One of the long-standing concerns of gene targeting 
with selection cassettes has been the possibility that expres- 
sion of the selection markers may interfere in unpredictable 
ways with the Dhenotype of the knockout organism. 
Researchers have developed a mechanism to excise the 
selection cassette from traosformcd. selected ES cells prior 
to mcorporao'on into the blastocyst! 6 During construction 
of the targeting vector, the selection cassette U bracketed at 
both ends by a 34 bp sequence motif, forP. After selection 
of recombinant transformed ES crfls, the selected cells are 
transiently trsnsfected with a vector expressing the Cre 
recombtnase. The Cre protein excises sequences between 
the &uf> sites: thus die selection cassette is easily removed 
from the target site in the host cdUhromcaomal DNA. This 
same system can also potentially be used to modify the tar- 
get gene (via deletions, replacements, msertioww and point 
mutations); m a cell type-spectuc and inducible manner. 

Additional resources far gene tan^'ng/krockoot tcch- 
nology information can be found at wwTT.lhe-sdentisL 
onn/yrZOOO/JdAn^ex.OOOTl^htnil. The list includes 
practical guides (books), journals, organizations, data- 
bases, and other Web resources. H 

Christopher M. Smhti trsmitti®*dsc.etfu) is a freetct^ce 
writer In San Diego. 
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Gene targeting: The classical approach 

Central to an understanding of the in vivo function of genes is 
their analysis by mutation, that is, inactivation or modification 
of a gene by mutation and the study of the consequences of the 
mutation in the mutant organism. In mammals, before gene 
targeting, this approach was limited to the rare spontaneous 
mutations reflected in obvious phenotypes, as in the case of in- 
heritable diseases in the human. The targeted mutagenesis of 
the mouse germline was thus a fundamental breakthrough in 
this area of research. In its original form, gene targeting in- 
volves the inactivation of a given gene in the genome of em- 
bryonic stem (ES) cells by homologous recombination (1-3). 
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1. Abbreviation used in this paper ES, embryonic stem. 



ES cells derive from an early stage of mouse development and 
have retained their totipotency, thus they can participate in the 
generation of cell lineages of the mouse (including germ cells) 
if transferred into an early mouse embryo. Transfer of mutant 
ES cells into mouse embryos thus allows the transmission of 
the mutation in question into the mouse gerrnline. 

In the classical experiment of Thomas and Capecchi (3) 
gene inactivation was achieved by replacing a predetermined 
gene segment with a mutant version of this segment, through 
homologous recombination. Since the latter is infrequent in 
mammalian cells, the isolation of the mutant ES cells requires 
stringent selection. This was achieved by placing a selectable 
gene (in that case the neomycin resistance gene) into the tar- 
geted locus in a manner that allows its expression (and hence 
cellular selection) while inactivating the target gene. 

Refining classical gene tar 
system 

. A limitation of ..cla^cal^j^e.^geting comes from thevpres- 
ence ; of a : ^e^d^rnlm^-'^ne-'in' tfie targeted locust Since 
■.this , gene must be active in order to allow ES cell selection, it 
"must always be c^iderM that to 

> affect the mutant phenotypein an unpredictable way. A par- 
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ticuljarly : serious problem arises if gene targeting is used for the 
modification or elimination of regulatory DNA sequences, as 
the selectable generbrings in its own promoter and enhancer. 
For this reason, attempts have been made to eliminate the se- 
lection marker genes from the targeted locus (4-7). 

We have used' the bacteriophage^erived Cre-loxP recom- 
bination system (8^) for this purpose which had been shown 
to ^rfbrm weU in mouse cells in vitro (10) and in vivo (ll v 12) 
and which appeared to offer a broad range of applications in 
gene targeting. The Cre enzyme, a member of a large family of 
recombinases (13), recognizes a sequence motif of 34 bp, called 
loxP (9). If a DNA segment is flanked by two loxP sites in the 
same orientation, Cre excises that segment from the DNA, 
leaving a single loxP site behind. (A piece of DNA flanked by 
loxP sites in opposite orientations will be inverted by the en- 
zyme, a reaction that waits to be exploited in the gene target- 
ing field [14, 15].) Considering this site as innocent, "clean" de- 
letions can thus be produced. If in a gene targeting experiment 
the selection marker gene on the targeting vector (subse- 
quently inserted into the target locus by homologous recombi- 
nation) is flanked by loxP sites, it can later be removed from 
the ES cell genome via transient transfection of a Cre-expres- 
sion vector into these cells. By appropriately positioning the 
two loxP sites, one can use this system as a general system of; 
mutagenesis, producing deletions (16-18), gene replacements, 
insertions (often called "knock-ins") (19, 20), point mutations, 
(21) etc However, we shall focus here on yet another and per- 
haps the most important aspect of Cre-loxP-mediated tar- 



geted mutagenesis, namely conditional (rather than general) 
gene targeting. 

Conditional gene targeting 

Why do we want to achieve conditional, i.e., cell-type-specific 
and/or inducible, gene targeting beyond targeted mutagenesis 
of the mouse germline? There are several reasons. First, germ- 
line mutations may be lethal, in which case there is no mouse 
to study gene function. Second, genes may exert their function 
at several stages of ontogeny and in different cell types. In the 
latter case, complex phenotypes may result, where it is difficult 
to distinguish cell-autonomous from more complex lesions. In 
the former case, classical gene targeting will allow one to iden- 
tify the initial stage at which the target gene plays a critical 
role, but not necessarily later stages. Finally, in medical re- 
search, conditional gene targeting could allow one to generate 
models of somatically acquired genetic diseases (such as most 
forms of cancer) rather than of inherited ones. 

The strategy of conditional targeting of endogenous genes 
that we have developed (16) consists of flanking a target gene 
or gene segment with loxP sites in ES cells by classical gene 
targeting and deleting the selection marker gene by transient 
transfection with a Cre-encoding plasmid. This protocol yields 
ES cell mutants in which the gene segment of interest is either 
flanked by loxP sites or deleted. Either mutation can be trans- 
mitted into the germline. In the former case, the mutant mice 
carry a functional, but loxP-flanked gene in their genome (Fig. 
1 A). In the latter the gene is deleted in all cells of the body, 
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Figure 1. (A) Generation of mice with loxP-flanked target genes (flox). (1) Gene targeting vector containing three loxP sites (filled triangles), 
two of them flanking the Neomycin resistance (neo) gene. The HS V-tk gene, often used for negative selection, is not shown. (2) Target gene in 
the genome of ES cells (exons drawn as filled boxes). (3) Genomic locus modified by homologous recombination (HR) between vector and tar- 
get gene. (4) Deletion of the loxP-flanked neo gene by transient Cre expression in ES cells. Two loxP sites remain in the target gene. (5) Gener- 
ation of a loxP-containing mouse line from modified ES cells. (B) Utilization of Cre transgenic mice for conditional gene targeting. The mouse 
strain harboring two loxP sites in the target gene (see A) can be crossed to various strains expressing Cre recombinase. The target gene becomes 
inactivated only in cells expressing Cre but remains active in all other cells of the body. The Cre-expressing strains are described in the text. 
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generating the situation of a classical knockout experiment, ex- 
cept that no selection marker gene remains in the mutant locus. 
Conditional targeting of loxP-flanked genes or gene seg- 
ments can be achieved by crossing into the mutant animal a 
Cre-transgene from which Cre recombinase is expressed in a 
cell-type-specific or inducible manner (Fig. 1 B). Hie initial 
experiment, done in collaboration with J. Marth's group, es- 
tablished that in principle, cell-type-^specific gene targeting can 
be successfully performed in this manner (lck-cre; 16). We sub- 
sequently generated a Cre transgene under the control of an 
interferon ot/p (IFNa/p) inducible promoter and showed that 
in this system 100% deletion of a loxP-flanked gene segment 
could be achieved in the liver upon injection of IFNbt/p and up 
to 98% in lymphocytes, whereas lower degrees of deletion 
were seen in other tissues (MX-cre; 22). Thus^ : '%6th v oell-ty^- 
specific and inducible gene targeting are feasible using the 
Gre-loxP recombination system; me : efficiency irk the system 
can reach 100% (as also recently shown by J. Nf arth arid col- 
leagues for Tcell--5pecific gene targermg[23])a^dC^e -recom- 
binase can do its job in Testmg cells such as the liver. Note also 
that conditional as . well as classical gene targeting can be used 
not only for gene inac&vMonY 

structing targeting vectorsi for the introductiori of subtle muta- 
tions (21) and also the activation of a gene (see reference 12)^. 

The extent to which conditional gene targeting can be ap- 
plied in biological and medical research depends at this point, 
at a technical level, on the availability of Cre-transgenic strains 
in which Cre is expressed at sufficiently high levels, but under 
strict cell-type-specific and/or inducible control. Indeed, if Ore 
expression could be induced specifically in any given cell type, 
that would for many purposes represent an ideal system of 
conditional gene targeting. While this goal has not yet been 
reached, fusion proteins in which Cre is fused to the ligand 
binding domain of a steroid receptor and which can be acti- 
vated inside the cell by a steroid antagonist may allow for a 
successful approach to this problem (24-26). Alternatively, 
one may consider using systems of inducible, cell-type-specific 
transcriptional control like that developed by Bujard and col- 
leagues, with tetracycline as the inducer (27, 28). 

At present, a limited number of Cre transgenic animals is 
available which allows gene targeting in T cells (23), B cells 
(CD19-cre; 29 and R. Rickert, J. Roes, and K. Rajewsky, un- 
published data), and, inducible by IFNot/p, in a variety of tis- 
sues but predominantly fiver and lymphocytes (22). .;Many 
other such strains are presently being generated worldwide, so 
that one can expect that a large set of Cre transgenics will soon 
be at the disposition of the scientific community, making con- 
ditional gene targeting a routine approach in the analysis of 
: mammalian gene function in vivo. 

We have recently generated two Cre transgenic mouse 
lines which behaved unexpectedly, but still turn out to be par- 
ticularly useful in this context. The first is a strain, designated 
balancer, which allows partial gene inactivation in essentially 
all tissues of the body, generating a mosaic situation in which 
competition between wild-type and mutant cells can be stud- 
ied in situ. In a situation in which Cre-mediated deletion re- 
sults in homozygous mutant cells, a simple Southern analysis 
of the extent of deletion in various tissues of the mosaic mu- 
tant animal allows one to pinpoint the sites at which the gene 
in question plays a functionally critical role (Betz, U.A.K., C. 
VoBhenrich, K. Rajewsky, and W. Miiller, manuscript submit- 
ted for publication). The second Cre-transgenic strain, called 



deleter, mediates deletion of loxP-flanked gene segments in 
essentially all cells of the body, including germ cells (30). 
Crossing this strain to a strain in which a target gene is flanked 
by loxP sites on one or both homologous chromosomes, one 
obtains ubiquitous deletion which can also be transmitted into 
the germline, producing a classical knockout, again without a 
selection marker gene in the mutant locus. 

Given these options of targeted mutagenesis through trans- 
genes encoding Cre under various kinds of genetic control, we 
now mostly perform gene targeting experiments such that only 
a single mutation of the target gene is transmitted into the germ- 
line, namely a loxP-flanked, functional version of the wild-type 
locus. The resulting animals are healthy and indistinguishable 
from the wild-type. However, by crossing them to the various 
Cre-transgemcs, any type of conditional mutagenesis as well as 
a classical (general) knockout can be obtained. Since the^pror 
duction>of*^^^ 
•only littie more effo^ 
onimend mat tliis prbtoco 
- targetmg experiments are being planned. 
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ABSTRACT A subtle mutation that rendered type I col- 
lagen resistant to mammalian collagenase has been introduced 
into the marine Colla-1 (recently redesignated Cola-1) gene by 
homologous recombination in embryonic stem (ES) cells. Ini- 
tially, a "hit and run' 9 procedure was used. Since two steps 
were required for introducing each mutation and more than 
one mutation was to be Introduced in the same genomic region 
independently, we have developed a streamlined procedure 
that involves two sequential replacement-type homologous 
recombination events. In the first step, an internal deletion was 
introduced into the Colla-1 locus along with the positive and 
negative selectable markers, neo and tk, to mark the region of 
interest. G4 18 -resistant homologous recombinants were iso- 
lated and used in the second step in which the deleted Colla-1 
allele was replaced with a construct containing the desired 
mutation. Homologous recombinants containing the mutation 
were identified among the Tk" ES clones after selection with 
FIAU [l-(2 -deoxy-2 -fluoro-0-D-arabinofuranosyl)- 5 -iodo* 
uracil (called fiahn-idine)]. Approximately 10% of such clones 
contained the desired mutation. The double replacement pro- 
cedure greatly reduces the time and amount of work required 
to introduce mutations Independently Into the same or closely 
linked regions. Once the homologous recombinants derived 
from the first step are established, the introduction of other 
mutations into the deleted region becomes a one-step proce- 
dure. For X number of introduced mutations, 2X selections are 
required with the "hit and run" approach, but only X + 1 are 
required with the double-replacement method. This innovative 
procedure could be very useful in studies of gene structure and 
function as well as gene expression and regulation. 



Recently, homologous recombination in mammalian embry- 
onic stem cells (ES cells) has become a powerful tool for 
functional studies of genes in vivo (1). Mice carrying various 
null alleles have been generated by disrupting the endogenous 
gene in ES cells, and valuable information has been obtained 
by analysis of animals carrying these mutations. However, 
introduction of subtle mutations into a gene of interest 
without alteration of the rest of the genome is still a very 
difficult task. Since most genes in the mammalian genome 
have no phenotypes that allow direct selection of mutations 
in ES cells, several methods with varying efficiencies have 
been developed, such as microinjection of a targeting con- 
struct into ES cells and identification of homologous events 
by PCR analysis (2) or coelectroporation of a targeting 
construct with an unlinked selectable marker into ES cells (3, 
4). The two-step in-out (5) or "hit-and-run" (€) procedure is 
probably the most promising method developed so far. This 
procedure allows one to introduce a site-specific mutation 
into the mammalian genome very efficiently. Point mutations 
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have been introduced into the murine Hprt gene (5) and the 
Hox-2.6 gene (6) by this procedure. 

We are interested in the role of type I collagen turnover in 
animal development and disease. Collagenases are the only 
enzymes characterized so far that are capable of degrading 
nondenatured types I, II, and III collagen extracellularly at 
neutral pH. Collagenase recognition sequences are well de- 
fined in these collagens and are conserved among different 
species. They cleave the peptide bond between Giy-775 and 
De-776 (or Leu-776) in the triple helical region. Previously, 
we have generated three mutations in the Colla-1 locus 
(recently redesignated Cola-1) that rendered type I collagen 
resistant to collagenase cleavage (7). To address the role of 
type I collagen turnover in vivo, it was necessary to introduce 
these mutations into the endogenous Colla-1 gene so that the 
pattern and the level of the mutant gene expression would 
mimic that of the endogenous gene. 

In this study, one of the mutations was introduced into the 
Colla-1 gene by two different procedures, a hit-and-run 
procedure and the "double-replacement" procedure de- 
scribed herein. Both approaches have been compared as to 
the ease and efficiency of introducing subtle mutations into 
endogenous genes. 

MATERIALS AND METHODS 

129 (Jl) Genomic Library and Colla-1 Locus. Genomic 
DNA from a 129/Sv mouse strain was partially digested with 
Mho I, size-selected (17-21 kb; provided by Doug Gray, 
University of Ottawa), and ligated into the BamHl site of A 
DASH II arms (Stratagene). Isogenic Colla-1 clones were 
isolated from this library. Two clones that cover the entire 
Colla-1 locus, pCollal-22 and pCollal-25, were isolated and 
used to construct targeting vectors. 

DNA Constructions. pPGKneopA-PGKtkpA . A 1.9-kbXho 
l-Sal I fragment containing the mouse phosphoglycerate 
kinase 1 gene {Pgk-1) promoter, bacterial neomycin phos- 
photransferase (neo) cassette, and the Pgk-1 polyadenylyla- 
tion signal was isolated from the pGEM7(KJl)R plasmid (8). 
This fragment was then inserted into the Xho I site of the 
pGEM7(tk)SalI plasmid, in which the herpes simplex virus 
thymidine kinase (tk) cassette is driven by the Pkg-1 pro- 
moter in a tail-to-head orientation. 

pPGKneoNTRtkpA. Three steps were involved in making 
the construct. First, a 0.58-kb EcoRl-Bal I fragment con- 
taining the 5' nontranslated region (NTR) of the encephalo- 
myocarditis virus (ECMV; ref. 9) was isolated from plasmid 
pBS-ECAT (provided by H.-S. Shin of POSTECH, Republic 



Abbreviations: ES cells, embryonic stem ceils; NTR, nontranslated 
region; FIAU, l-(2-deoxy-2-fluoro-0-D-arabinofuranosyl)-5- 
iodouracil (fialuridine); FIAU r and GW, FIAU and G418 resistant; 
G418", G418 sensitive; tk t viral thymidine kinase gene; neo t bacterial 
gene for neomycin phosphotransferase. 
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of Korea) and end-modified with a Bgl II linker at the 5' end 
and a BamUl linker at the 3' end. This Bgl U-BamHl NTR 
fragment was then inserted into the BamHl site, which is 
located at the 3' end of the neo gene between a translation^ 
stop codon and a polyadenylylation signal of pG£M7(KJl)R 
plasmid, to generate the plasmid pGEM7(KJl)R-NTR. Fi- 
nally, a 2.1-kb Bgl n fragment isolated from pGEM7(TK)- 
Sall, which includes the tk gene and polyadenylylation signal 
sequences from both tk and Pgk-1 genes, was used to replace 
the Bamm fragment at the 3' end of pGEM7(KJl)R-NTR 
plasmid. 

pCollal-22-MIV. A 0.5-kb Kpn I-Nco I fragment from 
pCollal-22 was replaced by the same fragment in mutant IV 
(7). This plasmid carried double substitutions of proline for 
Gln-744 and Ala-777 and a single substitution of methionine 
for He-776 at the coUagenase cleavage site, resulting in an 
additional Sph I site (S* in Fig. 2). 

pNT-S-I. A 7-kb HincU-BamUl fragment from pCollal- 
22-MIV was inserted into a plasmid vector containing the 
PGKneoNTRtkpA cassette. 

pNT-S-IL A 2.2-kb Nsi 1-Xba I fragment from pCollal-25 
plasmid was replaced by a 4-kb PGKneoNTRtkpA fragment 
with orientation of the Pgk-1 promoter opposite to that of the 
Colla-1 gene. 

ES Cell Culture, Drug Selections, and DNA Preparation. Jl 

ES cells were cultured essentially as described (10). To 
introduce the targeting construct into the endogenous 
Colla-1 gene, 25 fxg of linearized plasmid DNA was eiectro- 
porated into 1 x 10 7 Jl ES cells (in a volume of 0.8 ml) at 400 
V and 25 /tF (Bio-Rad). After 24 hr, the ES medium was 
supplemented with 400 j/g of G418 per ml (GIBCO/BRL), 
and colonies were isolated after 7-9 days of selection. 

To isolate revertants in the hit-and-run procedure or to 
replace the "marked" allele with the mutant construct in the 
double replacement procedure, 0.2 pM FIAU (a kind gift 
from the Bristol-Myers Squibb Company) was added to the 
medium 24 hr after plating or electroporation. Selection was 
continued for 8-10 days. 

The counter selection step with FIAU often yielded drug- 
resistant clones in which the selectable cassette had not been 
looped out or replaced by the mutant construct. To reduce 
this background, we used a pre screening procedure. Tar- 
geted ES cells from the first step were selected in FIAU- 
containing medium 24 hr after plating. Individual ES clones 
were isolated. After trypsinization, cells from each clone 
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were divided and replated in ES medium containing FIAU (I) 
or G418 (II) or in embryonic fibroblast medium containing 
FIAU (III). Cells grown in the first set of plates (I) were 
frozen in the plate after reaching confluence and kept as a 
source. Cells grown in the second set of plates (II) were G418- 
resistant (G4180 and recorded. Cells grown in the third set of 
plates (III) but absent in the second set of plates were 
G418-sensitive/FTAU-resistant (G4187FIAU 1 ). DNA was 
prepared from these cells according to the method described 
(11). 

RESULTS 

General Scheme of the Hit-and-Run and Double-Replace- 
ment Procedures and Construction of pPGKneoNTRtkpA Vec- 
tor. Fig. 1 shows a schematic diagram illustrating the hit- 
and-run and double-replacement procedures. Both hit-and- 
run and double-replacement procedures consist of two steps 
of homologous recombination events that are facilitated by 
positive and negative selections, respectively. In a previous 
report, Hasty et al (6*) used two promoters to drive the neo 
and tk genes individually. To assure that both markers were 
expressed efficiently, we have constructed a pPGKneo- 
NTRtkpA vector in which a single strong promoter, the Pgk-1 
promoter, was used to drive both the neo and tk genes. Hie 
5' NTR fragment from encephalomyocarditis virus (9) was 
inserted between the stop codon of the neo gene and the start 
codon of the tk gene so that a bicistronic mRNA was 
generated. Since the NTR fragment contains an internal 
ribosomal entry site (IRES), the tk gene is translated effi- 
ciently in a cap-independent manner (12, 13). This vector was 
electroporated into ES cells. The number of ES colonies 
surviving after G418 selection or G418/FIAU selection was 
compared. The enrichment of FIAU selection obtained with 
pPGKneoNTRtkpA was approximately 10 times higher than 
that obtained with the pMClneopA-MCltkpA vector (a gift 
from M. A. Rudnicki), in which the neo and tk genes were 
driven individually by the tk promoter, and was 3-5 times 
higher than that obtained with the pPGKneopA-PGKtkpA 
vector (see Materials and Methods), in which the neo and tk 
genes were driven individually by the Pgk-1 promoter (data 
not shown). Therefore, the pPGKneoNTRtkpA vector was 
used in all subsequent experiments. 

Introduction of a Collagenase-Resistant Mutation by the 
Hit-and-Run Procedure. For the "hit** step, we constructed 
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Fig. 1, A general scheme of the hit-and-run and double-replacement procedures. The hit-and-run strategy involves two single reciprocal 
homologous recombination events. The vector used for the hit-and-run procedure includes sequences homologous to die target gene with a 
desired mutation and two selectable markers, the neo and tk genes located outside the homologous region for positive and negative selection, 
respectively. The construct is first linearized in the homologous region, then introduced into ES cells. In the "hit" step, a duplication of the 
homology (I and II), separated by the vector sequence and the selectable markers, is generated by a simple insertion type of homologous 
recombination event. In the 4 *nin" step, the selectable cassettes, the vector sequence, and a copy of the duplicated homologous fragment are 
looped out by a single reciprocal intrachromosomai recombination event. ES clones carrying either the desired mutation or the wild-type allele 
could be isolated after FIAU selection for the loss of the tk gene. In contrast, the double-replacement strategy involves two replacement types 
of homologous recombination events. In the first step, an internal deletion and a selectable cassette containing the neo and /Jt genes are introduced 
into the target gene by a replacement type of homologous recombination to "mark" the gene of interest. In the second step, sequences 
homologous to the target gene carrying a desired mutation are used to replace the marked allele. Similar to the hit-and-run procedure, ES clones 
containing either the introduced mutation or the wild-type allele could be isolated in this step by FIAU selection for loss of the tk gene. 
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pNT-S-I, an insertion-type of targeting vector carrying nu- 
cleotide changes that result in double substitutions of proline 
for Gln-744 and Ala-777 and a single substitution of methio- 
nine for Ile-776 at the collagenase cleavage site. These 
changes also introduced an additional Sph I (S* in Fig. 2) site, 
which could facilitate screening for the mutation by Southern 
analysis. The plasmid was linearized with Nhe I. The dis- 
tance between the Nhe I and mutation sites (Sph I site) was 
0.67 kb. After electroporation and G418 selection, G418 r ES 
clones were screened for homologous recombinants by 
Southern analysis as shown in Fig. 2 A and B. Of 97 G4W 
clones tested, 29 had undergone homologous integration, 
corresponding, to a frequency of 30% (Table 1). Of these 29 
clones, 17 recombinant clones carried a single insert and 12 
carried multiple inserts, probably in tandem arrays (data not 
shown). Four of the 17 clones had the Sph I site in the 5' 
duplication, 2 had the Sph I site in the 3' duplication, and one 
clone had the mutation in both 5' and 3' duplications. The 
remaining 10 clones had apparently lost the Sph I site. This 
was probably due to gene conversion or mismatch repair 
during the process of homologous recombination (14). 

To select for excision and to obtain ES clones carrying the 
desired mutation, clone 94 carrying the Sph I site in the 5' 
duplication was subjected to tk counter selection at a density 
of 1 x 10 5 cells per 10-cm plate. FTALF clones were isolated 
andgenotyped. Approximately 32% of phenotypically FIAU r 
clones, however, still carried the neo and tk genes, indicating 
that FIAU selection alone was not sufficient to eliminate all 
of the cells carrying the tk gene. 



Table 1. Frequency of introducing a point mutation by the 
hit-and-run or double-replacement procedure 



Measurements 



Hit 
and run 



Double 
replacement 



First step 
G418 1 " clones, no. 97 
Recombinants, no. (%) 29 (30) 

Recombinants carrying the 
mutation, no. (%) 7 (7) 



G418»/FIAU r clones,* no. 
Revertants carrying the 
mutation, no. (%) 



Second step 



2(40) 



363 

14(3.9) 
14 (3.9) 



115 

11 (10) 



♦Clones obtained after prescreening procedure. 

To reduce this background, we used a prescreening pro- 
cedure as described in Materials and Methods, Only DNAs 
from G418*/FTAU r clones were harvested and genotyped. In 
this experiment, five of five such ES clones genotyped were 
"loop-out" clones, two of which contained the desired 
mutation (Fig. 2C and Table 1). Thus, the prescreening 
procedure greatly reduced the amount of work in analyzing 
FIAU r clones and made the detection of revertants much 
easier. This procedure was also used in the double- 
replacement procedure described below. 

Introduction of a Collagenase-Reslstant Mutation by the 
Double-Replacement Procedure. The murine Coll a- 1 locus 
spans approximately 24 kb of genomic region. The second 
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Genotype Probe C 

Clone 94: 9.0 Kb, 8.3 Kb, 2.8 Kb 
Mutant 9.0 Kb, 2.8 Kb 
Wild Type: 9.0 Kb 



Fig. 2. Introduction of a collagenase-resistant mutation by the hit-and-run procedure. (A) The hit-and-run steps were as described in Fig. 
1. B, BamHI; N, Nhe I; S, Sph I; S*, Sph I polymorphism corresponding to a collagenase-resistant mutation; open box, the endogenous 
homology; stippled boxes, the homology in the targeting vector and the selective cassette; and horizontal bars, probes used in the Southern 
analysis. (B) The expected sizes of restriction fragments detected by the probes indicated for the wild-type and targeted alleles. DNAs were 
digested with Sph I. A 9-kb band corresponding to the wild-type allele could be detected by probes A and B. If the Sph I polymorphic site were 
present in the 5' duplication, a 2.8-kb and a 8.3-kb fragment would be detected by probes A and B, respectively. On the other hand, if the Sph 
I site were present in the 3 ' duplication, a 7.7 kb and a 6.0 kb band would be detected by probes A and B , respectively. To detect possible multiple 
integration events, DNAs were digested with BamHL and probed with an internal probe C. A 2.85-kb band from the wild-type allele, a 2.85-kb 
band from the 5' duplication of the targeted allele, and a 11.3-kb band from the targeted allele should be detected. If the recombinant carried 
more than one copy of the insert, the intensity ratio between the 2.85-kb and 11.3-kb bands would be <2:1. (C) Detecting the "loop-out'* 
revertants in the "run" step. DNA was digested by Sph I and hybridized with probe C. Three bands of 9, 8.3, and 2.8 kb were detected in the 
parental ES cells (clone 94); two bands of 9 and 2.8 kb were detected in the "loop-out" revertant carrying the mutation. In revertants which 
lost the Sph I site, only the 9-kb wild-type band could be detected. 
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EcoKl fragment contains several functional domains includ- 
ing two integrin binding sites, a collagenase cleavage site, a 
fibronectin binding site, and a C-proteinase cleavage site. A 
replacement-type of targeting vector, pNT-S-II, was used in 
the first step. This vector consisted of 7.2 kb of 5' Colla-1 
sequence, a 2.2-kb Nsi l-Xba I deletion that encoded several 
functional domains including the collagenase cleavage site, 
the PGKneoNTRtkpA cassette, and 3.2 kb of 3' Colla-1 
sequence (Fig. 3A). The construct was linearized with Sal I 
in the plasmid backbone and electroporated into ES cells. Of 
the 363 0418* clones tested, 14 (3.9%) carried the targeted 
allele at the Colla-1 locus (Fig. 3 A and B; Table 1). 

After "marking" the Colla-1 locus with the PGKneoN- 
TRtkpA cassette, the introduction of mutations in the deleted 
region became a one-step procedure. Plasmid pCollal-22- 
MIV was linearized with Sal I and electroporated into 
targeted ES cells generated in the first step. Of 384 clones 
isolated after F1AU selection, 231 clones were grown up and 
were sensitive to G418 selection (60%). These G418 s /FIAU r 
clones were further screened by Southern analysis for the 
presence of the desired mutation at the Colla-1 locus. Of the 
115 clones tested, all had the "marked** allele replaced, but 
only 11 clones (9.6%) contained the new Sph I site (Fig. 3 A 
and C; Table 1). 

To test whether ES clones that lacked Sph I polymorphism 
contained small deletions or rearrangements in the Colla-1 
locus, DNAs were digested with £coRI, and filters were 
probed with probes II and III, which are located at the 5' and 



3' ends of the Colla-1 locus, respectively. Only 14-kb and 
4.5-kb bands (data not shown), corresponding to the wild- 
type allele, were detected in Sph I" clones. Since probes I, 
II, and III cover the entire Colla-1 locus and no aberrant 
banding patterns were found in Sph I - ES clones, the lack of 
the Sph I site in the collagenase cleavage site was not due to 
deletions or rearrangements in the Colla-1 locus. 

We further tested by Southern analysis whether the chro- 
mosome carrying the "marked** Colla-1 allele was randomly 
lost during FIAU selection. This was achieved by comparing 
the intensity of a fragment corresponding to the Colla-1 locus 
with that of a fragment corresponding to the ColSa-1 locus, 
which is located on a different chromosome. DNAs were 
digested with EcoRI, and filters were probed with probes II 
and B31, an 0.8-kb BamHl fragment derived from the Col3a-l 
gene. More than 97% of Sph I" clones showed a 1:1 ratio 
between the Colla-1 and Col3a-l locus (data not shown). 
Thus, random loss of the chromosome carrying the 
"marked'* allele during FIAU selection occurred infre- 
quently. The possible explanations for Sph I~ clones ob- 
tained in the second step will be discussed later. 

DISCUSSION 

We have successfully introduced a subtle mutation into the 
endogenous Colla-1 gene by homologous recombination in 
ES cells, which rendered type I collagen molecules resistant 
to collagenase digestion. This was accomplished first by the 
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Fig. 3. Introduction of a collagenase-resistant mutation by the double-replacement procedure. (A) The double-replacement procedure was 
described in Fig. 1. E, £coRI; K, Kpn I; N, Nsi I; X, Xba I; S, Sph I; and S*, same as in Fig. 2 A. (B) First replacement: DNAs were digested 
with either Xba I or Kpn I, and filters were probed with probes A or B, respectively. Probe A could hybridize to a 10-kb band from the wild-type 
allele and a 12-kb band from the targeted allele. Probe B could detect a 6.8-kb band from the wild-type allele and a 7. 1-kb band from the targeted 
allele (data not shown). (C) Second replacement: DNAs were digested with Sph I* and filters were probed with probe I, This probe hybridized 
(0 to a 9-kb band from the wild-type allele (lane 1), (ii) to a 4-kb band from a "marked** allele containing the PGKneoNTRtkpA cassette (lane 
2), and (Hi) to a 2.8-kb band when the "marked" allele was replaced by the mutation (lanes 4-6 and 9-12). Revertants that lost the Sph I site 
contained the wild-type band only (lanes 3, 7, and 8). 
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hit-and-run procedure and then by the double-replacement 
procedure described in this paper. 

The hit-and-run procedure involves an insertion-type of 
homologous recombination event followed by a single recip- 
rocal intrachromosomal recombination event (5, 6). In con- 
trast, the double-replacement procedure involves two re- 
placement-type homologous recombination events. Since the 
frequency of homologous recombination with insertion-type 
targeting vectors has been reported to be much higher than 
with replacement-type vectors (15), the first step-4.e., the 
insertion of the vector into the gene — is likely to be more 
efficient in the hit-and-run procedure. However, if the ob- 
jective is to introduce different mutations into the same 
genomic region individually, the hit-and-run procedure 
would be very time and labor intensive compared with the 
double-replacement procedure described in this study. 

In the hit-and-run procedure, each introduced mutation 
requires two homologous recombination events and two drug 
selections. In the double-replacement procedure, however, 
the construct used in the first step is designed to delete the 
region of interest and replace it with a selectable cassette. 
Once the targeted ES clones are established in the first step, 
the introduction of any mutation into the deleted region 
becomes a one-step procedure. This design reduces the 
amount of work required to generate the second and subse- 
quent mutations in the same region. The targeting vector used 
in the second step is simple and easy to construct, since it 
requires only genomic DNA sequences carrying the desired 
mutation. Therefore, constructs used in in vitro assays or in 
transgenic experiments could be used in this step without 
change. 

The double-replacement procedure would be useful in 
studies of gene structure and function. Since the deletion 
introduced in the first step could span a large genomic region, 
mutations could be generated individually or in combination 
in one or more functional domains within the deleted region. 
This strategy also offers an opportunity to introduce effi- 
ciently a series of deletions or point mutations into the 
regulatory elements of a gene so that the regulation of gene 
expression can be directly studied in its native chromosomal 
context. Furthermore, this method could be used to generate 
a partial * "knock out" mouse by mutating a tissue-specific 
regulatory element so that the gene expression would be 
abolished in a particular tissue but would be regulated 
normally in others. 

It was expected that the majority of the Neo"/Tk" ES 
clones derived from the second step of the double- 
replacement procedure would carry the desired mutation 
(Sph I + ). Surprisingly, however, approximately 90% of these 
clones were Neo~/Tk~/Sph I~. These Sph I~ clones could 
have arisen by different mechanisms — e.g., deletion or rear- 
rangement in the Colla-1 locus, random loss of the chromo- 
some containing the "marked" Colla-1 allele, or gene con- 
version. We have tested these possibilities by restriction 
enzyme mapping of the whole Colla-1 locus by Southern 
analysis and by quantitation of the Colla-1 locus with a probe 
derived from another chromosome. No rearrangement in the 
Colla-1 locus could be detected in the 115 clones analyzed. 
In only three cases was the ratio of intensity between the 
Colla-1 allele and the allele from the other chromosome 
changed. These results suggest that gene rearrangement, 
gene deletion, or random chromosomal loss were not the 
main reasons for the presence of the Neo"/Tk"/Sph I" 
clones. Instead, nonreciprocal transfer of information from 
the wild-type to the mutant chromatid, or gene conversion, is 
the likely explanation. A high frequency of gene conversion 
has been observed and well studied in yeast (14). This 
mechanism has also been used to explain some phenomena 
observed in the process of homologous recombination in ES 



cells (6, 16-18). To prove that the Necr/Tlr/Sph \- clones 
were derived from gene conversion requires differentially 
marking the two alleles so that gene conversion events can be 
directly studied. 

While this manuscript was under preparation, Askew et al 
(19) published a paper describing introduction of point mu- 
tations into the al Na,K-ATPase gene in ES cells. The 
procedure they used, termed "tag-and-exchange,*' is very 
similar to the double-replacement procedure described in this 
study except for the following two differences. (0 In the 
tag-and-exchange procedure, the selectable cassette was 
simply inserted into the al Na,K-ATPase gene. This limits 
the region into which subsequent mutations could be intro- 
duced. In our procedure, however, a deletion along with the 
selectable cassette was introduced into the region of interest 
so that multiple individual mutations could be introduced into 
a large region of the Colla-1 locus. («) In the tk counter 
selection step, we obtained G418 s /FIAU r clones in which the 
selectable cassette had been looped out or replaced with a 
much higher frequency than that of Askew et al (60-68% vs. 
10%). Approximately 10% of these clones carried the desired 
mutation when selection was applied 1 day after electropo- 
ration. In the case of Askew et a/., no ES clone carrying the 
desired mutation was obtained when selection was applied 
0-3 days after electroporation, and 1.4% of these clones were 
obtained when selection was applied 4-5 days after electro- 
poration. The different results could be due to the different 
expression levels of tk gene from these two constructs. As 
discussed earlier, a strong Pgk-1 promoter was used to drive 
both the neo and the tk genes in our study. Instead, Askew 
et al. used the weaker tk promoter to drive the two selectable 
markers independently. 

We have injected BALB/c and C57BL/6 embryos at 
blastocyst stage with one of the ES clones carrying the 
desired mutation and have derived mice carrying the muta- 
tion in the germ line. 
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ABSTRACT Several newly generated moose embryonic 
stem (ES) cell lines were tested for their ability to produce 
completely ES cell-derived mice at early passage numbers by 
ES cell tetraploid embryo aggregation. One line, designated 
Rl, produced live offspring which were completely ES cell- 
derived as judged by isoenzyme analysis and coat color. These 
cell culture-derived animals were normal, viable, and fertile. 
However, prolonged in vitro culture negatively affected this 
initial totipotency of Rl, and after passage 14, ES cell-derived 
newborns died at birth. However, one of the five subclones 
(R1-S3) derived from single cells at passage 12 retained the 
original toupotency and gave rise to viable, completely ES 
cell -derived animals . The total in vitro culture time of the 
sublines at the time of testing was equivalent to passage 24 of 
the original line. Fully potent early passage Rl cells and the 
R1-S3 subclone should be very useful not only for ES cell-based 
genetic manipulations but also in defining optimal in vitro 
culture conditions for retaining the initial totipotency of ES 
cells. 



Embryonic stem (ES) cells are now widely used for intro- 
ducing targeted mutations and other genetic alterations \nto % 
the mouse germ line (1, 2). One of the basic requirements for 
the successful application of these new techniques is to 
maintain ES cell lines in a state compatible with germ-cell 
formation, when the cells are introduced back into a host 
embryo. Germ-line contribution is most likely to occur when 
•cells retain broad developmental potential, contributing ex- 
tensively to a wide variety of somatic tissues. We have 
recently developed a system to characterize the full devel- 
opmental potential of ES cells (3); the system is based on 
aggregation of ES cells with developmentally compromised 
tetraploid embryos. In such chimeras the tetraploid compo- 
nent is selected against in all lineages where ES cells are able 
to differentiate normally, allowing the ES cells to take over 
the embryo proper and relegating the tetraploid component to 
the extraembryonic membranes. 

We tested the developmental potential of several com- 
monly used ES cell lines, such as D3 (4) and AB1 (5), in this 
system and found that they were able to support fetal 
development up to term. However, all such completely ES 
cell-derived newborns died perinatally (3, 6). To investigate 
whether this failure to generate viable offspring was intrinsic 
to all cell lines at all stages of culture , we established four new 
ES cell lines and tested their pluripotency at different stages 
from very early passage number. One of the lines (designated 
Rl) produced viable, completely ES cell-derived animals at 
early passages but lost this ability with extended culture in 
vitro. This cell line was used to study different aspects of 
maintenance of totipotency during in vitro culture. 
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MATERIALS AND METHODS 

Strains of Mice Used for Embryos. CD1 mice purchased 
from Charles River Laboratories were preselected for Gpi- 
l b /Gpi~l b genotype and set up for breeding to produce 
GPI-BB albino CD1 animals. Embryos for the tetraploid 
component of the chimeras were obtained from this stock. To 
establish ES cell lines, chinchilla 129/Sv females were mated 
with agouti 129/Sv-CP males, and blastocysts were obtained 
by flushing the uterus at postcoitum day 3.5. 

Establishment of ES Cell lines. Thirty-eight 129/Sv x 
129/Sv-CP embryos were plated individually onto a feeder 
layer of mitomycin C-treated SNL (5) fibroblasts in Dulbec- 
co's modified Eagle's medium supplemented with 20% fetal 
calf serum (FCS; Hy clone) and 2000 units of leukemia 
inhibitory factor (LIF; ESGRO) per ml in 4-well plates 
(Nunc). Most embryos hatched and attached to the feeders 
by day 2 after plating. The inner cell masses (ICMs) were left 
to grow for 4 more days, when they were mechanically 
disaggregated in their own wells by using drawn-out Pasteur 
pipettes. Four to five days later, the cells were transferred 
into new wells either by trypsinizing or by mechanically 
disaggregating the undifferentiated colonies. We started 
counting passage number when we were first able to pass the 
cells into 35-mm plates (passage 1). The cells were first frozen 
at passage 5, which was »3 weeks after the blastocyst stage. 
Four cell lines were established, designated Rl, R2, R6, and 
R13. 

Production of Tetraploid Embryos. The oviducts of super- 
ovulated and mated CD1 (GPI-BB) females were flushed 
44-46 hr after treatment with human chorionic gonadotropin 
to collect late two-cell-stage embryos. The embryos were 
placed one at a time between two platinum electrodes laid 250 
pm apart in M2 medium (7) in the electrode chamber (8). The 
blastomeres were fused by a short electric pulse (9) (90 V for 
100 psec in M2 medium) applied by a pulse generator (CF 
100; manufactured by Biochemical Laboratory Service, 
Budapest, Hungary). 

Production of ES CeD-Tetrapioid Embryo Aggregation Chi- 
meras. The fused, tetraploid embryos were cultured in M16 
microdrops under paraffin oil'at 37°C in 95% air/5% CO2. 
Twenty-four hours after fusion, most of the tetraploid em- 
bryos developed to the four-cell stage. Only these four-cell- 
stage embryos were used for aggregation. Zonae pellucidae of 
the embryos were removed by treatment with acid Tyrode's 
buffer (10). ES cells (plated at low density 2 days prior to 
aggregation) were briefly trypsinized to form clumps of 
loosely connected cells. Gumps of 10-15 ES cells were then 
sandwiched between two tetraploid embryos in aggregation 
wells made by pressing a darning needle into the plastic 



Abbreviations: ES cells, embryonic stem cells; GPI, glucose phos- 
phate isomerase; LIF, leukemia inhibitory factor; FCS, fetal calf 
serum. 

*To whom reprint and cell line requests should be addressed. 
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Table 1. Developmental potentiality of ES cell lines at early-passage numbers (passages 6-8) 
tested by ES cell-tetraploid embryo aggregates 

Tetraploid 

aggregates Midgestation Recovered 

transferred. Resorptions, dead embryos,* Newborns, newborns, 
Cell line no. no. no. no. no. 

~~R1 53 21 «T 9 3+ 

R2 31 7 7 0 0 

R6 40* 

R13 37 17 5 2 0 

'Resorptions above 4 mm in diameter at term were considered in this category. 

tTwo of the three recovered newborns survived and reached adulthood. 

*Uteruses with obvious signs of early abortion were recovered from these recipients at term. 



bottom of the culture plate (3). The aggregates were cultured 
overnight in microdrops of M16 before transfer into the 
uterus of 2.5-day pseudopregnant recipients. 

Caesarean Section and Data Collection. Pregnant recipients 
were routinely subject to a Caesarean section on day 18.5 of 
pregnancy. Live fetuses were counted as well as the number 
of early postimplantation resorptions and embryos dying at or 
after midgestation. Fetuses that were alive at delivery but 
failed to survive the early postnatal period were subject to 
complete glucose phosphate isomerase (GPI) analysis. Fe- 
tuses that recovered after the Caesarean section were placed 
with foster mothers, and a small sample of blood and the tip 
of the tail were taken for GPI analysis. Adult ES cell-derived 
mice were mated with CD1 females to test for germ-line 
transmission. After test breeding, two mice were killed and 
various tissues were dissected for GPI analysis. 

Genetic Markers. The polymorphic Gpi-1 gene was used to 
distinguish between the tetraploid embryo and ES cell- 
derived components of the chimeras; the ES cell lines were 
derived from GPI-AA 129 and the tetraploid components 
were produced from GPI-BB CD-I embryos. The isoenzyme 
analysis was performed as described earlier (11). Briefly, 
tissue homogenates were diluted in sample buffer and run on 
cellulose acetate membranes (Helena Laboratories) in Su- 
praheme electrophoresis buffer (Helena Laboratories) for 90 
min at 300 V. A 1% agarose overlay containing 15 mg of 
fructose 6-phosphate, 2 mg of nicotinamide-adenine dinucle- 
otide phosphate, 1 unit of glucose-6-phosphate dehydroge- 
nase, 2 mg of dimethylthiazolKliphenyltetrazolium bromide, 
and 0.4 mg of phenazine methosulfate per ml of 0.1 M 
Tris'HCl, pH 7.2/15 mM sodium citrate/30 mM MgCl 2 was 
poured over the gel and incubated at 37°C until the GPI 
isoenzyme bands appeared. The intensity difference between 
GPI-AA and GPI-BB electrophoretic bands reflected the 
composition of chimeric tissues. Coat color also indicated the 
ES cell origin of the viable ES ceUs-tetraploid embryo 
chimeras, since tetraploid embryos were albino, while the ES 
cell lines were derived from agouti embryos. 

Karyotype Analysis. ES cells («2 x 10 6 cells) were arrested 
in metaphase by adding colcemid (0.2 mg/ml) to the culture 
medium for 1 hr at 37°C. The cells were collected after 
trypsin/EDTA treatment and centrifuged at 900 x g; the 
pellet was exposed to hypotonic shock by using prewarmed 
0.075 M KC1 for 19 min at 37°C. After gentle centrifugation, 
the hypotonic solution was aspirated, and the pellet was fixed 
with cold methanol/acetic acid, 3:1 (vol/vol), at least three 
times prior to spreading on cold microscope slides. The slides 
were rinsed with Hanks* solution, stained in freshly made 1% 
Giemsa for 3 min and 50 sec, rinsed with distilled H 2 0, and 
mounted in Permount. 

Southern Blot Analysis. DNA was isolated from cell lines 
by standard procedures and digested with EcoRl. The digests 
were run on a 0.7% agarose gel and blotted onto GeneScreen- 
Plus (DuPont). The blots were hybridized with a Y chromo- 
some-specific probe, pT353/B (12) labeled by random prim- 



ing, and washed in 15 mM NaCl/1.5 mM sodium citrate, pH 
7.0/0.1% SDS at 65°C before exposure to x-ray film. 

RESULTS 

Developmental Potential of Rl, R2, R6, and R13 ES Cells at 
Early Passages. The cell lines did not differ from each other 
in their undifferentiated morphology, all of them showing the 
typical ES cell morphology (13). Differentiation capabilities 
and developmental potential of cells at passage 6-8 were 
tested in vitro by differentiating the cells into embryoid 
bodies (4) or in vivo by aggregating them with tetraploid 
embryos (3). All of them developed cystic embryoid bodies 
at similar frequency in vitro (data not shown). However, their 
in vivo developmental potential showed differences (Table 1). 
R2 and R6 were not able to support development to term. 
Recipients containing R6 chimeras had only signs that im- 
plantation occurred, but no remnants of either fetus or 
decidual tissue remained. Two of 37 R13-tetraploid embryo 
aggregates developed to term. Both were completely R13- 
derived as judged by GPI assay of their main organs. They 
had extremely high birth weight (ca. 3g) and swollen edemic 
skin. They failed to oxygenize their lungs and died shortly 
after birth. No detailed pathology was performed. The nine 
newborns from Rl-tetraploid embryo aggregates showed no 
sign of apparent anatomical abnormalities, although only 
three of them recovered from Cesarean section. Two of these 
three reached adulthood. GPI assay of their blood and tail 
indicated pure Rl origin of one of the survivors. However, 
the other had about 10-15% tetraploid contribution (data not 
shown). 

Southern blot analysis of the DNA (Fig. 1) prepared from 
Rl, R2, R6, and R13 with a Y chromosome-specific probe 
(12) revealed that only Rl was a male line. 

Developmental Potential of Rl as a Function of Different 
Culture Conditions and in Vitro Culture Time. To investigate 
the effect of culture conditions on the developmental poten- 




Fig .\ Southern blot analysis of DNA derived from different cell 
lines and Rl-derived animals. The blots were hybridized with a Y 
chromosome-specific probe. 
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Table 2. Prenatal developmental potential of Rl cultured under different conditions between passages 6 and 24 and tested by 
Rl-tetraploid embryo aggregates 



Passages, 
no. 


Conditions 


Tetraploid 
aggregates 
transferred, 
no. 


Implantations, 
no. 


Resorptions, 
no. 


Midgestation 
dead embryos, 
no. 


Newborns, 
no. 


Recovered 
newborns, 
no. 


Survivors, 
no. 


6 


Feeders + LIF 


53 


36 


21 


6 


9 


3 


2 


10 


Feeders + UF 


15 


11 


6 


1 


4 


2 


1 


14 


Feeders + LIF 


25 


13 


7 


5 


1 


1 


1 




Feeders 


13 


8 


4 


3 


i 


1 


1 




LIF 


24 


19 


7 


7 


5 


2 


0 


16 


Feeders + LIF 


6 


3 


2 


0 


1 


0 


0 


17 


Feeders + UF 


18 


13 


9 


3 


1 


0 


0 




Feeders 


20 


9 


5 


4 


0 


0 


0 




LIF 


15 


7 


4 


2 


1 


0 


0 


20 


Feeders + UF 


24 


20 


10 


9 


1 


0 


0 




Feeders 


25 


19 


6 


10 


3 


0 


0 




TIF 


32 


24 


7 


13 


4 


1 


0 


24 


Feeders + UF 


22 


14 


8 


5 


1 


0 


0 



tial of ES cells, we cultured Rl from passage 8 under three 
different conditions. 

Condition 1: feeder layers + UF. Cells were kept on SNL 
fibroblast feeders in DME medium supplemented with 20% 
FCS and 2000 units of LIF per ml. (These were the original 
conditions used when establishing the cell line.) 

Condition 2: feeders alone. The cells were gradually 
weaned off LIF by decreasing the concentration by 500-unit 
steps at the first four passages and then maintained on SNL 
feeders in DME medium supplemented with 20% FCS. 

Condition 3: UF alone. The cells were kept on gelatinized 
plates in DME medium supplemented with 20% FCS and 
2000 units of LIF per ml. 

Aggregates with tetraploid embryos were prepared by 
using cells from passages 6-24. Raw data on the prenatal and 
perinatal development of these aggregates are shown in Table 
2. There was no obvious difference between the different 
culture conditions in their ability to support development to 
term. Thus, to obtain a clear idea on the effect of in vitro 
culture time on developmental potential, data from the three 
culture conditions were pooled into two age groups: early 
(6-14) and late passages (Table 3). 

Interestingly, the groups did not differ in implantation 
(67%) and resorption rate (35% and 31%, respectively), but 
the percentage of dead embryos at midgestation increased 
and the rate of newborns at term decreased significantly by 
late passage. In the late-passage group, only 1 of the 12 
newborns recovered after the Caesarean section, whereas 
almost 50% of the newborns of the early-passage groups 
started breathing normally. No animal survived to adulthood 
from passages later than 14. 

Karyotype of Rl at Early and Late Passages. To see if gross 
karyotypic changes could explain the decrease of develop- 
mental potentiality as a function of in vitro culture time, 
chromosome spreads were prepared from an early and a late 
passage, 11 and 33, respectively. A slight decrease was 



detected in the frequency of spreads with the normal number 
of chromosomes (Fig. 2), but the modal number was still 40. 

Characterization of Completely ES Cell-Derived Animals. 
Since the tetraploid component was produced from albino 
and preselected GPI-BB CD1 embryos and Rl was agouti and 
GPI-AA, both the coat color and the GPI served as markers 
to detect occasional tetraploid contribution in the animals 
derived from Rl-tetraploid embryo aggregates. The coat 
color of all five animals indicated only agouti contribution 
(Fig. 3). However, GPI analysis of blood from adult animals 
showed that one animal contained detectable tetraploid con- 
tribution (ca. 5-10%). This animal was the same one showing 
tetraploid contribution at birth. The remaining four animals 
showed no evidence of tetraploid cells in the blood. Further, 
GPI assay of the organs of two of the five animals — analyzed 
at 10 months of age— showed exclusive Rl contribution (Fig. 
4 shows one of the two analyzed). Thus, within the limits of 
sensitivity of the GPI analysis, which allowed detection of 
contributions as low as 2%, no tetraploid cells remained in 
these animals. A minor contribution (<2%) from tetraploid 
cells cannot be excluded. The remaining three animals are 
more than 1 year old. They do not show any signs of 
premature aging or tumor development. It is likely that the 
life span of completely ES-derived animals is not affected by 
their cell culture origin. 

The two newborns derived from R13 were female as 
predicted from Southern blot analysis of the cell line. Nearly 
all of the completely Rl-derived newborns were male as 
predicted. However, two of these total 32 newborns (Table 3) 
were female. One of these two newborns reached adulthood 
but was not -fertile. The existence of an Rl-derived female 
may indicate some degree of Y chromosome loss in this cell 
line even at this early passage number. Y-chromosome loss 
could not have been complete, Southern blot analysis showed 
Y-specific sequences in this animal (Fig. 4). 



Table 3. Prenatal developmental potential of Rl tested by Rl-tetraploid embryo aggregates as a function of in vitro culture time 
(passage number) 

Tetraploid 

aggregates Midgestation Recovered 

No. of transferred, Implantations, Resorptions, dead embryos, Newborns, newborns, Survivors, 

passages no. no. no no. no. J ' no. no. 

6-14 130 87(67) 45(35) 22(17) 20(15) 9 5 
16-24 162 109(67) 51(31) 46(28) 12 (7) 1 0 
Jt 2 0.002 0.22 4.10 4.19 8.37 6.23 
F(<X=1) SS>0.2 »0.2 <0.05 <0.05 <0.01 <0.02 



The numbers in parentheses are percentages of aggregates transferred. 
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Fig. 2. Distribution of metaphase spreads with different chro- 
mosome numbers at passage 11 and passage 33 of Rl. 

The Rl-derived males were all fertile, producing normal- 
size litters, and exclusively transmitted the Rl genotype to 
their offspring. 

Developmental Potential of Subclones Derived from an Early 
Passage of Rl. In vitro culture time negatively affected the 
developmental potential of Rl ES cells. To further investigate 
this phenomenon, we tried to distinguish between two models 
of the changes that may happen during culture. One possi- 
bility is that ES cells are not able to replicate exactly their 
stem-cell state during successive rounds of cell division and 
gradually lose their full potential. This loss is strictly related 
to the in vitro culture time or the number of cell divisions. The 
other possibility is that a certain proportion of cells replicate 
the fully potent stem-cell state at each cell division. Hie 
remaining cells move away from this state and form a 
developmentally restricted compartment. In time this re- 
stricted compartment gradually takes over the culture. How- 
ever, at any time point, there are cells with intact potential. 
If the first model were true, it should not be possible to retain 
the full potential of later passage cell cultures by sub cloning; 
but if the second model should be true, it should be possible 
to establish subclones of the parent cell line that retain full 
potential after prolonged passage in vitro. 

To test the two models, we established subclones from 
single cells of passage 12 by using the original culture 
conditions and maintained them in vitro for a period equiv- 
alent to that of passage 24-25 of the original Rl stock before 
testing for pluripotency by tetraploid embryo aggregation. 
Table 4 shows the developmental potential of these lines. One 
of the five sublines, R1-S3, supported completely ES cell- 
derived development to term and gave rise to viable animals 
with similar efficiency to the parental Rl cell line at very early 
passages. 




Fig. 3. Group of five Rl-derived animals produced by Rl- 
tetraploid embryo aggregates. 
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Fig. 4. GPI analysis of the major organs of one of the two 
Rl-tetraploid embryo chimera. The tetraploid component had 
GPI-BB phenotype, while Rl was GPI-AA. The assay shows the 
complete Rl origin of the organs. The minor band in the liver sample 
does not line up with the band of GPI-BB and might be a degradative 
product of GPI-AA. By overdeveloping the stain, the sensitivity of 
our GPI test was estimated at 2% on the control samples. 

DISCUSSION 

Using ES cell-tetraploid aggregates, we have produced via- 
ble mice that are entirely ES cell-derived, as judged by GPI 
and coat color phenotype and germ-line transmission. This 
success was achieved with a newly derived ES cell line (Rl) 
at early passage number (up to passage 14) and is the fullest 
demonstration to date of the remarkable potential of these 
tissue culture cells. Previous experiments using established 
cell lines had resulted in perinatal death of any totally ES 
cell-derived fetuses (3, 6). The same effect was observed here 
with later passages of Rl, suggesting that prolonged passage 
in culture reduces the potential of the ES-cell population as 
a whole. However, one subclone of Rl isolated at passage 12 
and maintained in culture until the equivalent of passage 24 
was still able to produce viable ES cell-derived mice after 
aggregation with tetraploid embryos. This indicates that loss 
of full developmental potential is not a necessary conse- 
quence of passage in culture, but rather that the proportion 
of cells that retains full potential diminishes with extended 
passage. Some cell lines lose potential more quickly than 
others; three cell lines established in parallel with Rl failed to 
produce viable ES cell-derived embryos even at early pas- 



The nature of the factors that cause this variable decline in 
developmental potential is still unclear. Both genetic and 
epigenetic changes can accumulate with passage in culture 
and may vary from line to line. It seems unlikely that major 
karyotypic changes are the main cause of the decline, since 
we only observed a small increase in the proportion of 
aneuploid cells in the Rl population with extended passage, 
and other established cell lines similarly retain a high pro- 
portion of euploid cells. It seems more likely that minor 
genetic changes or changes in DN A methylation and imprint- 
ing underlie the phenomenon. It will be interesting to com- 
pare the properties of the apparently stable subline with the 
parent cell line to see if subtle changes in DNA modification, 
gene expression, or differentiation capacity can be detected. 

Although the Rl cell line can produce viable ES cell- 
derived mice, this is still an inefficient process; many ES 
cell-tetraploid aggregates die before reaching term, even 
when early passage cells are used. Therefore, this approach 
cannot be considered as a feasible approach for routinely 
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Table 4, Prenatal developmental potential of Rl sublines tested by ES cell-tetraploi d aggregates 

Tetraploid Animals 
aggregates Midgestation Recovered reached 



Subline 


transferred, 


Resorptions, 


dead embryos, 


Newborns, 


newborns, 


adulthood, 


ofRl 


no. 


no. 


no. 


no. 


no. 


no. 


Rl-Sl 


19 


7 


3 


0 


0 


0 


R1-S2 


45 


9 


3 


1 


0 


0 


R1-S3 


20 


6 


5 


5 


3 


2 


R1-C3 


10 


4 


3 


2 


0 


0 


Rl-Bl 


23 


9 


5 


2 


1 


0 


Total 


117 


35 


19 


10 


4 


2 



achieving germ-line transmission from genetically manipu- 
lated ES cells. However, a cell line, like Rl , which retains full 
developmental potential for extended passage in at least one 
subclone, is likely to contribute well to the germ line after 
standard blastocyst injection or morula aggregation. Indeed, 
the Rl cell line has proved to be an efficient vehicle for 
transmitting genetic alterations through the germ line after 
either injection into C57BL/6 blastocysts or aggregation with 
diploid GDI eight-cell stage embryos (unpublished data). 

Understanding more about the factors that affect the 
developmental potential of ES cells in tetraploid aggregates 
may help to improve the technology of genetic manipulation 
of die mammalian genome. 
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ABSTRACT We have developed a method of specifically 
modifying the mammalian genome in vivo. This procedure 
comprises heritable tissue-specific and site-specific DNA re- 
combination as a function of recombinase expression in trans- 
genic mice. Transgenes encoding the bacteriophage PI Ore 
recombinase and the ArxP-fianked /J-galactosidase gene were 
used to generate transgenic mice. Genomic DNA from doubly 
transgenic mice exhibited tissue-specific DNA recombination as 
a result of Cre expression. Further characterization revealed 
that this process was highly efficient at distinct chromosomal 
integration sites. These studies also imply that Cre-mediated 
recombination provides a heritable marker for mitoses follow- 
ing the loss of Cre expression. This transgene-recombination 
system permits unique approaches to in vivo studies of gene 
function within experimentally defined spatial and temporal 
boundaries. 



Bacteriophage PI encodes the 38-kDa Cre recombinase that 
catalyzes site- specific DNA recombination between 34-base- 
pair (bp) repeats termed loxP (1). Cre is a member of the 
integrase family of recombinases. These enzymes recognize 
specific nucleotide sequences and function through a tran- 
sient DNA-protein covalent linkage (reviewed in refs. 2 and 
3). Cre activity appears mechanistically identical to that of 
yeast FLP recombinase and can function in vitro in the 
absence of high-energy cofactors, topoisomerase activity, 
and DNA replication (4, 5). In Cre-mediated recombination, 
resultant DNA structures are dependent upon the orientation 
of loxP sites. Direct repeats of loxP dictate an excision of 
intervening sequences whereas inverted repeats specify in- 
version (4). Cre and FLP have been shown to mediate 
site-specific DNA recombination in tissue-cultured eukary- 
otic cells, Drosophila, and transgenic plants (6-12). 

With the aim of applying Cre recombinase function to 
molecular studies of normal and abnormal mammalian phys- 
iology, we sought to generate a transgenic mouse system that 
would establish whether Cre could effectively mediate chro- 
mosomal DNA recombination. As a foundation for future 
applications, we devised a nondeleterious transgene strategy 
that would provide an assessment of the efficiency, position 
dependence, and heritability of Cre-mediated chromosomal 
DNA recombination in mammals. 

MATERIALS AND METHODS 

Transgene Construction and Transgenic Mouse Production. 

The Cre transgene expression vector was constructed by 
inserting the 1.5-kilobase (kb) Xho \-Xba I fragment of pBS31 
(7), containing the Cre coding sequence, into the unique 
BamHl site of pl017 (ref. 13 and Fig. 1A). A second trans- 
gene vector, in which the Escherichia coli /3-galactosidase 
03-gal) gene was flanked by loxP sites (Fig. If?), was con- 
structed as follows. The /3-gal gene, obtained as a 3.5-kb Not 
I fragment from pCMVfi (14), was blunt-end ligated into the 
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BamHl site residing between two direct repeats of loxP in 
plasmid plox 2 (derived from pBS64, 7). In plox 2 , two direct 
repeats of loxP are flanked by polylinker-derived EcoRI and 
/ft/tdlll restriction enzyme sites. Isolation of the loxP-fi-gal- 
loxP fragment was followed by blunt-ended ligation into the 
BamHl site of pl017. Transgene vectors were purified away 
from plasmid sequences following Not I digestion and are 
represented as those Not I fragments in Fig. 1 A and B. 
Transgenic mice were produced following harvest of ICR x 
ICR zygotes (albino outbred, Harlan-Sprague-Dawley), 
DNA microinjection, and implantation. The presence of 
transgene DNA was assessed by hybridizing mouse tail DNA 
with either Cre or 0-gal DNA probes (depicted in Fig. 1). In 
surgical procedures, 0.5 ml of 2.5% avertin was used as an 
anesthetic. 

Southern and Northern Analysis. Thymocytes and spleno- 
cytes were harvested as single-cell suspensions by gently 
teasing freshly removed tissue. DNA was prepared from 
tissues and cells by incubation with proteinase K (100 /tg/ml; 
Bethesda Research Laboratories) in 100 mM Tris, pH 8.0/50 
mM EDTA for 24 hr at 55°C followed by extraction with 
phenol/chloroform and ethanol precipitation. Purified DNA 
was subjected to restriction enzyme digestion and Southern 
blot analyses (15). For Northern analyses, RNA was pre- 
pared from freshly homogenized tissue or single-cell suspen- 
sions in 6 M guanidinium isothiocyanate and fractionated 
through a CsCl cushion (16). The RNA was denatured with 
formamide/formaldehyde for agarose gel electrophoresis, 
blotting, and hybridization (15). DNA fragments for use as 
probes were nick-translated in the presence of random oli- 
gonucleotides to a specific activity of 10 8 cpm//tAg. Densito- 
metric analyses were performed with a Molecular Dynamics 
scanning densitometer (Sunnyvale, CA). 

Flow Cytometry. Spleen-derived T cells were stained for 
surface expression of CD4 or CD8 antigens with phycoery- 
thrin-conjugated anti-CD4 and fluorescein-conjugated anti- 
CD8 (anti-L3T4 and anti-Lyt-2, respectively; Becton Dick- 
inson). Sorted populations were obtained by using a Becton 
Dickinson FACStar Plus flow cytometer (Becton Dickinson). 
The sorted population was >97% pure as judged by subse- 
quent FACScan analysis. 

RESULTS 

Creation of Transgenic Lines. In transgene vector con- 
structs derived from pl017, expression is regulated by the 
mouse proximal Ick promoter, while the hGH gene contrib- 
utes exon-intron splicing and polyadenylylation signals. 
Transgene expression from this vector is generally obtained 
in a thymocyte-specific manner (13, 17-19). Following thy- 
mocyte development in the thymus, emigration of mature T 
cells to peripheral compartments, including the spleen, co- 
incides with loss of proximal Ick promoter activity. 



Abbreviations: 0-gaI, 0-galactosidase; hGH, human growth hor- 
mone. 

*To whom reprint requests should be addressed. 
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Fig. 1. Structures of transgene vector constructs and the Cre-mediated recombination event. {A) The Cre transgene represented as the 
microinjected Not I restriction fragment. The black bar represents 3.0 kb and contains the mouse thymus-specific proximal ick promoter. Human 
growth hormone (hGH) gene sequence (2.1 kb) is denoted by boxes (exons) and lines (introns) and contributes the polyadenylylation signal. 
Restriction enzyme sites used in Southern blotting analyses are depicted: S, Sac I; Stu, Stu I; M, Msc I. Probes used in Southern analyses are 
represented by numbered lines. Probe 1 is the 0.6-kb Sac \~BamHl fragment of the Ick promoter region. Probe 2 is a 900-bp 5am HI fragment 
of Cre. (B) The /ojcP-flanked 0-gal transgene represented as the microinjected Not I restriction enzyme fragment. loxP sites are denoted by small 
arrows (represented at 10 x relative construct size) flanking the 0-gal gene as direct repeats. Probe 3 is a 600-bp Hpa I fragment of the 0-gal 
gene. (C) Cre-mediated recombination structure resulting from excision of the /ax/'-flanked 0-gal gene. A single loxP site is resolved following 
recombination. Probe 4 consists of the 180- bp //mdlII-£coRI fragment of plox 2 containing two loxP sites and a small contribution of plasmid 
polylinker sequence. Expected Southern blot fragment sizes are indicated. 



A Cre transgenic line (1-57) was derived from zygotes 
injected with the Cre expression vector depicted in Fig. 1A. 
Two independent transgenic lines (1-86 and 1-87) were de- 
rived from zygotes injected with the loxP-p-gal-loxP vector 
(Fig. IB). As the 0-gal gene is flanked by direct repeats of 
loxP, a Cre-mediated recombination event would be pre- 
dicted to excise the 0-gai gene, generating the structure 
depicted in Fig. 1C. These Cre and loxP-p-ga.)-loxP trans- 
genic mouse lines bred as expected for unique single-site 
integration events and harbored the specific transgenes ori- 
ented as "head-to-tail" tandem arrays (data not shown), as is 
common for most transgene integration structures (reviewed 
in refs. 20-22). Transgenic mice from the Cre and toxP-fi- 
g&\-loxP lines were then bred to generate doubly transgenic 
progeny. 

Genomic DN A was prepared from thymocytes and tails of 
Cre transgenic mice, loxP-fi-gd\-loxP transgenic mice, and 
doubly transgenic mice for Southern blot analyses. The Cre 
gene was visualized as the expected 2.94-kb Stu l-Msc I 
restriction fragment within the parental Cre transgenic mouse 
and a doubly transgenic offspring (Fig. 2 A, lanes 3 and 5, 
respectively). With a 0-gal-specific probe and the same 
thymocyte DNAs, the expected 2.82-kb Sac I fragment was 
observed in both the 1-86 and the 1-87 line (Fig. IB and data 
not shown). Densitometry analysis of tail DNA (see below) 
revealed that the 1-57 Cre line harbored the transgene at high 
copy number relative to the levels in the 1-86 and 1-87 
loxP-p-gzA-loxP transgenic lines (Fig. 2 A and B and see 
below). 

Cre-Mediated Recombination Occurs in Vivo in Transgenic 
Mice. Southern analysis of thymocyte DNA from double 
transgenic mice revealed that the 0-gal gene hybridization 
signal was eliminated (Fig. IB, lane 5). This is the expected 
result following Cre-mediated recombination resulting in an 
excision of the 0-gal gene situated between direct repeats of 



loxP (Fig. 1C). Evidence for the predicted Cre-mediated 
recombination structure was obtained by using a loxP- 
specific DNA probe (Fig. 2C). Hybridization was observed 
to a novel 1.60-kb Stu l-Msc I DNA fragment in the doubly 
transgenic thymocyte sample. Recombination was not de- 
tected in tail DNA derived from the same doubly transgenic 
mouse (Fig. 2C, lane 5). This new DNA structure was not 
present in parental thymocyte DNA derived from either the 
Cre or the loxP-p-ga\-loxP transgenic mice (Fig. 2C, lanes 2 
and 3). As would also be expected, there was a loss of the 
5.14-kb DNA fragment (the double /axP-containing 0-gaI 
transgene). 

Using the polymerase chain reaction (PCR), we have 
cloned the recombination structure residing within the 5' ick 
untranslated sequence and the second exon of hGH. Analy- 
ses with this DNA revealed the expected structural at- 
tributes, including the exact size predicted, presence of a 
single loxP sequence, and the expected unique poly linker- 
derived restriction enzyme sites flanking this novel Cre- 
generated loxP site (data not shown). 

The 0-gal gene was incorporated as a second marker to 
ascertain Cre-mediated recombination by loss of 0-gal enzy- 
matic activity, but neither the 1-86 nor the 1-87 loxP-p-gal- 
loxP transgene allele was sufficiently active to allow protein 
detection (data not shown). However, RNA expression was 
observed following quantitative PCR assays (data not 
shown). These studies revealed, on average, three to five 
molecules of transgene-derived RNA per cell. Lack of high- 
level RNA expression in low- transgene-copy- number pl017- 
derived transgenic mice is routinely observed (unpublished 
observations) and does not reflect a specific inhibition me- 
diated by loxP sites. Furthermore, studies in eukaryotic cells 
in vitro have shown substantial /ocP-flanked gene expression 
at the level of both RNA and protein (6, 8, 12). 
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Fig. 2. Evidence of Cre-mediated recombination in genomic 
thymocyte DNA derived from doubly transgenic mice. (A) Southern 
blot analysis of Stu l/Msc I-digested thymocyte DNAs probed with 
32 P-labeled Cre DNA (probe 2). Lane 1, 32 P-labeled 1-kb ladder 
(Bethesda Research Laboratories); lane 2, nontransgenic; lane 3, Cre 
parental transgenic; lane 4, loxP-frgpl-toxP parental transgenic; lane 
5, doubly transgenic offspring 57/86-2. (B) Southern analysis of Sac 
I-digested thymocyte DNAs (identical to those used above) probed 
with 32 P-!abeIed 0-gal DNA (probe 3). Lane 1, 1-kb ladder; lane 2, 
nontransgenic; lane 3, Cre parental transgenic; lane 4, loxP-^-gsi- 
hxP parental transgenic; lane 5, doubly transgenic. (C) Southern blot 
analysis of Stu l/Msc I-digested genomic DNA (identical to those 
used above) hybridized with 32 P-labeled loxP fragment (probe 4). 
Lane 1, 1-kb ladder; lane 2 t Cre parental thymocyte DNA; lane 3, 
loxP-p-g$\-loxP parental thymocyte DNA; lane 4, doubly transgenic 
thymocyte DNA; lane 5, doubly transgenic tail DNA. Arrow, 
Cre-mediated recombination-derived fragment. A low level of hy- 
bridization to polylinker DNA sequence is seen in Cre-transgene- 
containing samples (C, lanes 2, 4, and 5), representing limited 
polylinker sequence residing within the Cre transgene fragment and 
the loxP probe. Five micrograms of DNA was loaded per lane. 

Cre Recombinase Activity Can Be Tissue-Specific and Her- 
itable in Transgenic Mice. Evidence of the tissue specificity 
of Cre-mediated recombination was obtained following RNA 
and Southern blot analyses of multiple tissue samples. Cre- 
specific RNA was detected in the thymus but not in the brain, 
kidney, liver, spleen, or tail (Fig. 3A and data not shown). 
The predominant Cre RNA species-migrated with an appar- 
ent molecular size of ~3.9 kb. Analyses of these RNA 
samples with hGH probes, and the obvious presence of 
multiple Cre RNA species, provided evidence that the 3.9-kb 



transcripts reflected incomplete splicing of the hGH gene 
(data not shown). More completely spliced Cre transgene 
RNA was observed migrating slightly larger than 18S («2.4 
kb; Fig. 3A* lane 2). In immunoblotting experiments using a 
polyclonal anti-Cre antibody (provided by Brian Sauer, Du- 
Pont) with total cellular protein derived from these tissues, 
we observed the predicted 38-kDa Cre recombinase specif- 
ically expressed within the thymocyte population (data not 
shown). This Cre expression profile is identical to that 
obtained from all transgenic descendents of the Cre trans- 
genic founder animal. DNA samples from these tissues were 
also subjected to Southern blot analysis. In brain, kidney, 
liver, and tail DNAs, 0-gai gene hybridization remained 
constant and the 1.60-kb recombination structure was not 
present (Fig. 3B). 

Although Cre expression was undetectable in splenocyte 
RNA (Fig. 3A, lane 4)^ evidence of the recombination event 
was apparent in splenocyte DNA (Fig. 3C, lane 2). Southern 
analyses of the purified splenic T-cell subpopulation (*=20% 
of total splenocytes) revealed an enrichment for the recom- 
bination structure at the expense of the nonrecombined 
loxP-p-gsl-loxP transgene allele (Fig. 3C, lane 3). The ex- 
pected /oxP-hybridizing recombination product, as displayed 
in Fig. 2C, was also observed in this and other blotting 
analyses (see below). As Cre expression was not detected in 
either the total splenocyte or the splenic T^cell subpopulation 
(Fig. 3A and data not shown), the high degree of recombi- 
nation within the IoxP-f$~gp\-loxP transgene array (a loss of 
~95% of £-gai DNA; see below) implies that this Cre- 
mediated recombination occurred in the thymus, the natural 
site of T^cell ontogeny. In experiments that expanded the 
number of spleen-derived T cells by using the polyclonal 
lectin concanavalin A and interleukin 2, the recombihed 
transgene allele frequency was retained following multiple 
mitoses (over at least 14 cell division cycles) in the absence 
of detectable Cre RNA (data not shown). These data indicate 
that Cre-mediated recombination can be a stable and herita- 
ble chromosomal alteration in vivo but do not rule out the 
possibility that undetected levels of splenic T-ceil Cre re- 
combinase are mediating /ox/Mlanked DNA recombination. 

Transgenic Cre-Mediated Recombination Is Highly Effi- 
cient. For assessments of transgene copy number and recom- 
bination efficiency, Southern blot analyses were performed 
on Stu l/Msc I-digested DNAs hybridized to Ick promoter 
sequence (probe 1) in a strategy that provided stoichiometric 
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Fig. 3. Distribution of Cre RNA expression and hxP-p-&A-loxP transgene structure provides evidence of tissue-specific and heritable 
Cre-mediated recombination in vivo. (A) RNA blot analysis of Cre expression among normal tissues in a doubly transgenic offspring (57/86-4^ 
Lane 1, brain; lane 2, thymus; lane 3, kidney; lane 4, spleen; lane 5, liver. RNA preparation and blotting procedures were performed as described 
(9). Blot was probed with 32 P-labeled Cre DNA (probe 2). Positions of 28S and 18S rRNAs are indicated. (B and C) Southern blot analyses of 
Stu 1/ Msc I-digested tissue DNAs, from the same animal analyzed in A, hybridized to Ick promoter sequence (probe i). In B: lane 1, i-kb ladder; 
lane 2, tail; lane 3, liver; lane 4, brain; lane 5, kidney. In C: lane 1, 1-kb ladder; lane 2, spleen; lane 3, spleen-derived T cells. The Cre transgene 
is observed as the high-copy 2.9-kb fragment. The 2.5-kb fragment represents an aberrant integration event derived from pl017 sequence 
contained within the 1-57 Cre transgene array (data not shown). Upper arrow, nonrecombined 0-gal transgene fragment; lower arrow, 1.60-kb 
Cre-mediated recombination-derived fragment. The 1.40-kb fragment represents the endogenous Ick gene. In the experiments above, 5 fig of 
either total cellular RNA or genomic DNA was loaded per lane. 
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Fig. 4. Transgene-encoded Cre recombinase is highly efficient and can function at distinct chromosomal sites. These Southern blot analyses 
used the Ick promoter fragment (probe 1). (A) Stu 1/Msc I-digested thymocyte DNA. Lane 1, 1-kb ladder; lane 2, Cre parental transgenic; lane 
3, loxP-p-ga\-loxP parental transgenic; lane 4, nontransgenic; lanes 5-7, individual doubly transgenic progeny (57/86-8, 57/86-10, and 57/86-18, 
respectively). (B) Sac I-digested thymocyte DNA. Lane 1, 1-kb ladder; lane 2, nontransgenic; lane 3, Cre parental; lane 4, loxP-p-gsA-loxP 
parental transgenic; lane 5, doubly transgenic thymocytes (57/86-10); lane 6, doubly transgenic tail from the same animal as in lane 5. An 
additional /dfc-hybridizing fragment at 4.2 kb represents an aberrant integration event derived from pl017 sequence contained within the 1-57 
Cre transgene array (data not shown). (C) Sac 1-digested DNA derived from doubly transgenic mice produced by a cross between Cre transgenic 
line 1-57 and the loxP-p-ga\-loxP transgenic line 1-87. Lane 1, 1-kb ladder; lane 2, tail DNA from offspring 57/87-3; lane 3, thymocyte DNA 
from 57/87-3; lane 4, tail DNA from offspring 57/87-7; lane 5, thymocyte DNA from 57/87-7. In the Sac I digest, the endogenous Ick gene is 
apparent as a 5.3-kb fragment. Upper arrow, intact 0-gaI transgene fragment; lower arrow, Cre-mediated recombination fragment. An additional 
/dfc-hybridizing band at 1.7 kb reflects an aberrant integration event derived from truncated pl017 sequence contained within the 1-87 
loxP-f}-ga\-loxP transgene array (data not shown). 



detection of the Cre transgene, the loxP-p-g3\-4oxP trans- 
gene, the endogenous Ick gene, and the recombination struc- 
ture (as in Fig. 3 B and C). In comparison to the single-copy 
(per haploid genome) Ick gene (15), the 1-57 Cre line was 
estimated to contain 110 copies of the transgene while both 
the 1-86 and 1-87 loxP-fi-ga\-loxP transgenic lines harbored 
«8 copies each (Fig. 4A). Southern analyses of doubly 
transgenic mice from multiple matings revealed that thymo- 
cyte Cre-mediated recombination produced the expected 
fragment sizes in all animals surveyed, as exemplified in Fig. 
4 A and B. However, variation in the degree of Cre-mediated 
recombination among doubly transgenic mice was observed. 

To assess this variation in Cre-mediated recombination 
among doubly transgenic progeny, densitometric compari- 
sons were performed using the endogenous Ick gene hybrid- 
ization levels as internal controls. In these experiments, the 
extent of recombination was approximately 87%, 99%, and 
97% in three doubly transgenic mice, as measured by loss of 
£-gal DNA (Fig. 4A, lanes 5-7, respectively). In spleen- 
derived T-cell DNA analyses, a >95% deletion of the 0-gal 
gene was routinely observed (Fig. 3C, lane 3, and data not 
shown). In identical analyses using hGH sequence as a probe, 
similar results were obtained (data not shown). These results 
represent an average of analyses undertaken on >20 doubly 
transgenic mice generated from seven litters. 

As the loxP-fi-gal-loxP lines harbor 8 copies of transgene 
per cell, removal of >88% of the total j3-gal transgene level 
would indicate that some cells have lost all copies of the 0-gal 
gene. The efficacy of transgenic Cre-mediated recombination 
may be greater than evaluated here, as remaining levels of 
/3-gal hybridization may indicate the presence of prothymo- 
cytes or contamination of thymocytes with B cells, thymic 
epithelial cells, and dendritic cells during cell preparation. 
These cells do not express Ick and hence presumably would 
not express the Cre recombinase. 

C re-Mediated Recombination Excises the Transgene Array. 
The length of DNA between two loxP sites is a variable that 
may influence the efficiency of transgenic Cre-mediated 
recombination. In thymocyte DNA of doubly transgenic 
mice, the copy number of the resultant Cre-mediated DNA 
recombination structure is approximately half that of the 
endogenous Ick gene (Figs. 3 and 4). Combined with the 



observations that 0-gal and hGH DNA elimination can be 
virtually complete, and must be totally complete in some cells 
(perhaps those expressing the highest levels of Cre), these 
data imply that Cre-mediated recombination reduces the 
eight copies of the loxP-f}-ga\-loxP transgene array to a 
recombined allele consisting of a single copy of the Ick 
promoter, the residual loxP site, and the hGH gene (Fig. 1C). 
This requires recombination between Ick and hGH sequences 
within the transgene array, as may be expected since a 
"head-to-tail" transgene structure would contain direct re- 
peats of loxP flanking the 3.0-kb Ick promoter and the 2.1-kb 
hGH minigene. Thus at least 5.1 kb of chromosomal DNA 
can be excised in a single event. However, the exact distance 
between specific recombination events could be in integrals 
of 3.5 and 5.1 kb up to «70 kb, the estimated length of the 
transgene array. 

The excised 0-gal DNA is degraded, as hybridization to 
/3-gal sequences is not observed at other chromosomal sites. 
Further, we were unable to detect the presence of interme- 
diates that would reveal a sequential recombination process 
in transgene array reduction (data not shown). While those 
intermediates may nevertheless exist, they would be rela- 
tively short-lived species. These findings show that trans- 
genic Cre-mediated recombination can be highly efficient in 
excising multiple DNA sequences flanked by direct repeats of 
loxP at a single chromosomal integration site. 

Cre Can Function at Different Chromosomal Sites in Vivo. 
The efficiency of Cre function may also depend upon the 
chromosomal context of loxP sites. In this regard, a second 
loxP-fi-ga\-loxP transgene line (1-87) was mated with the Cre 
transgenic line 1-57. Breeding experiments revealed that in 
the 1-87 line, the toxP-p-gal-loxP transgene is at a different 
chromosomal site from that of the 1-86 transgenic line (data 
not shown). Tissue-specific Cre-mediated recombination was 
also detected in the progeny of the 1-57 x 1-87 cross (Fig. 4C). 
Thus, in two transgene integrations that occurred at distinct 
chromosomal sites, Cre recombinase was able to access the 
transgenic loxP sites and function in producing chromosomal 
DNA recombination. While there may be some mammalian 
chromosomal sites at which Cre is unable to generate recom- 
bination, further studies will be required to address this in a 
spatially and statistically significant manner. 
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DISCUSSION 

These studies provide a basis for the use of DNA recombi- 
nation strategies in transgenic animal technology. Although 
one experimental approach initially considered included gen- 
erating specific developmental phenotypes, we reasoned that 
modifying cellular fate, proliferative status, or viability would 
alter the validity of recombinase efficacy measurements. We 
find that the Cre recombinase can function in a highly 
efficient manner in directing tissue-specific, site-specific, and 
heritable chromosomal DNA recombination events in vivo in 
transgenic mice. Although, like FLP, Cre does not contain a 
canonical nuclear localization signal, Cre could access chro- 
matin either through diffusion or following the transient 
breakdown of the nuclear membrane during mitosis. 

Cre activity can be observed at both chromosomal sites 
assayed in this study, suggesting that the majority of the 
mammalian genome may be accessible to Cre function. From 
the transgene constructs used in this study we conclude that 
Cre can effectively recombine at least 5.1 kb of DNA in a 
single event. However, the reduction of the entire transgene 
array described herein («*70 kb) suggests that Cre may 
mediate larger recombination events. The ability of Cre 
recombinase to recombine DNA over large distances in the 
mammalian genome may provide an experimental method of 
directing specific chromosomal translocations in vivo. This 
activity can be inferred from studies of FLP in Drosophila 
(23). 

This technological advance allows studies of various as- 
pects of gene function in vivo that could not be addressed 
hitherto. For example, current methodologies for gene abla- 
tion in transgenic mice, following embryonic stem-cell ma- 
nipulations, produce null alleles in all cells of animals bred to 
homozygosity (reviewed in ref. 24). However, with the 
recombinase approach described in this study, null alleles 
could be generated in a tissue-specific and developmentally 
regulated manner. loxP sites could be positioned, by homol- 
ogous recombination, to flank the target gene/exon in a 
nondeleterious manner; alternatively, loxP sites could be 
inserted to flank a gene replacement vector for complemen- 
tation of the null background. When bred into a Cre trans- 
genic line with a predefined Cre expression profile, the exact 
spatial and temporal pattern of recombination would be 
known. This would permit reproducible studies of the im- 
mediate metabolic alterations taking place following reces- 
sive genetic lesions and also reveal tissue-specific functions 
for genes shown to be expressed in multiple spatial and 
temporal patterns. Additionally, this methodology can gen- 
erate transgene ablation. A requirement for constitutive 
transgene expression in the evolution of developmental and 
pathologic phenotypes could be addressed. 

The heritable nature of Cre-mediated recombination allows 
a significant advance in the methodology for cell fate deter- 
mination in mammals. Expression of a marker gene could be 
engineered to be dependent upon a Cre-mediated recombi- 
nation event that would excise a /ojc/Mlanked "stop" se- 
quence (for example a transcriptional stop and RNA splice 
donor site) placed between a pan-specific promoter and the 



marker gene. Following recombination, marker gene expres- 
sion would commence. In this way daughter cells could be 
identified by virtue of the initial activity from the Cre 
transgene promoter, irrespective of subsequent Cre expres- 
sion. We expect that these applications of this transgene- 
recombination system will greatly enhance the information 
gained in gene function and disease modeling research em- 
ploying transgenic animals. 
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Transgenic Animals 

A transgenic animal is one that carries a foreign gene 
that has been deliberately inserted into its genome. The 
foreign gene is constructed using recombinant DNA 
methodolog y. In addition to a structural gene, the 
DNA usually includes other sequences to enable it 

• to be incorporated into the DNA of the host and 

• to be expressed correctly by the cells of the host 
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• Knockout Mice: What do they te ach us? 
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• Transgenic Pigs 



• Transgenic sheep and goats have been produced that express foreign proteins in their milk. 

• Transgenic chickens are now able to synthesize human proteins in the "white" of the eggs. 

These animals should eventually prove to be valuable sources of proteins for human therapy. 

In July 2000, researchers from the team that produced Dolly reported success in producing transgenic 
lambs in which the transgene had been inserted at a specific site in the genome and functioned well. 
[[More] 



Transgenic mice have provided the tools for exploring many biological questions. 
An example: 

Normal mice cannot be infected with polio virus. They lack the cell-surface molecule that, in humans, 
serves as the receptor for the virus. So normal mice cannot serve as an inexpensive, easily-manipulated 
model for studying the disease. However, transgenic mice expressing the human gene for the polio virus 
receptor 



• can be infected by polio virus and even 

• develop paralysis and other pathological changes characteristic of the disease in humans. 

Two methods of producing transgenic mice are widely used: 

• transforming embryonic stem cells (ES cells) growing in tissue culture with the desired DNA; 

• injecting the desired gene into the pronucleus of a fertilized mouse egg. 

The Embryonic Stem Cell Method (Method "1") 

Embryonic stem cells (ES cells) are harvested from the inner cell mass (ICM) of mouse blastocysts. 
They can be grown in culture and retain their full potential to produce all the cells of the mature animal, 
including its gametes. 

[Link to discussion of embryonic stem cells, 
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Method 1 



DNA 




Test offspring for presence of gene 



Mate heterozygous offspring to produce 
homozygous transgenic strain 



1. Make your DNA 

Using recombinant DNA methods, build molecules of DNA containing 

• the structural gene you desire (e.g., the insulin gene) 

• vector DNA to enable the molecules to be inserted into host DNA molecules 

• promoter and enhancer sequences to enable the gene to be expressed by host cells 

2. Transform ES cells in culture 

Expose the cultured cells to the DNA so that some will incorporate it. 

3. Select for successfully transformed cells. [ Method ] 

4. Inject these cells into the inner cell mass (ICM) of mouse blastocysts. 

5. Embryo transfer 

• Prepare a pseudopregnant mouse (by mating a female mouse with a vasectomized male). The 
stimulus of mating elicits the hormonal changes needed to make her uterus receptive. 

• Transfer the embryos into her uterus. 

• Hope that they implant successfully and develop into healthy pups (no more than one-third will). 

6. Test her offspring 
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• Remove a small piece of tissue from the tail and examine its DNA for the desired gene. No more 
than 10-20% will have it, and they will be heterozygous for the gene. 

7. Establish a transgenic strain 

• Mate two heterozygous mice and screen their offspring for the 1 :4 that will be homozyg ous for 
the transgene. 

• Mating these will found the transgenic strain. 

The Pronucleus Method (Method "2") 

1. Prepare your DNA as in Method 1 

2. Transform fertilized eggs 

• Harvest freshly fertilized eggs before the sperm head has become a pronucleus. 

• Inject the male pronucleus with your DNA. 

• When the pronuclei have fused to form the diploid zygote nucleus, allow the zygote to divide by 
mitosis to form a 2 -cell embryo. 

3. Implant the embryos in a pseudopregnant foster mother and proceed as in Method 
1. 




An Example 

This image (courtesy of R. L. Brinster and R. E. Hammer) shows 
a transgenic mouse (right) with a normal littermate (left). The 
giant mouse developed from a fertilized egg transformed with a 
recombinant DNA molecule containing: 

• the structural gene for human growth hormone 

• a strong mouse gene promoter 

The levels of growth hormone in the serum of some of the 
transgenic mice were several hundred times higher than in 
control mice. I 

Random vs. Targeted Gene Insertion I 

The early vectors used for gene insertion could, and did, place the gene (from one to 200 copies of it) 
anywhere in the genome. However, if you know some of the DNA sequence flanking a particular gene, 
it is possible to design vectors that replace that gene. The replacement gene can be one that 

• restores function in a mutant animal or 

• knocks out the function of a particular locus. 

In either case, targeted gene insertion requires 
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the desired gene 

neo r , a gene that encodes an enzyme that inactivates the antibiotic neomycin and its relatives, like 
the drug G418, which is lethal to mammalian cells; 

tk, a gene that encodes thymidine kinase, an enzyme that phosphorylates the nucleoside analog 
gancyclovir. DNA polymerase fails to discriminate against the resulting nucleotide and inserts 
this nonfunctional nucleotide into freshly-replicating DNA. So ganciclovir kills cells that contain 
the tk gene. 



Step 1 

Treat culture of ES cells with 
preparation of vector DNA. 



Cefi resistant to ton G41 8 and gancydovfr 

ii ■ mm i — i 
iiii i 



Results: 



= angina asae 
A replacement atete 



Most cells fail to take up 
the vector; these cells will- ^^^^ 
be killed if exposed to ■ s R^*****^ 
G418. 

In a few cells: the vector 
is inserted randomly in 
the genome. In random 
insertion, the entire r 
vector, including the tk 
gene, is inserted into host 



/ \ 



Targeted gene insertion 



I Em | 



Vector 



Random gene bisection 




CeliBSistarrtto Q418; fded by gancydovir 



DNA. These cells are resistant to G418 but killed by gancyclovir. 

• In still fewer cells: homologous recombination occurs. Stretches of DNA sequence in the vector 
find the homologous sequences in the host genome and the region between these homologous 
sequences replaces the equivalent region in the host DNA. 

Step 2 

Culture the mixture of cells in medium containing both G418 and ganciclovir. 

• The cells (the majority) that failed to take up the vector are killed by G41 8. 

• The cells in which the vector was inserted randomly are killed by gancyclovir (because they 
contain the tk gene). 

• This leaves a population of cells transformed by homologous recombination (enriched several 
thousand fold). 

Step 3 

Inject these into the inner cell mass of mouse blastocysts. 

Knockout Mice: What do they teach us? 

If the replacement gene (A* in the diagram) is nonfunctional (a "null" allele), mating of the 
heterozygous transgenic mice will produce a strain of "knockout mice" homozygous for the 
nonfunctional gene (both copies of the gene at that locus have been knocked out"). 
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Knockout mice are valuable tools for discovering the function(s) of genes for which mutant strains were 
not previously available. Two generalizations have emerged from examining knockout mice: 

• Knockout mice are often surprisingly unaffected by their deficiency. Many genes turn out not to 
be indispensable. The mouse genome appears to have sufficient redundancy to compensate for a 
single missing pair of alleles. 

• Most genes are pleiotropic. They are expressed in different tissues in different ways and at 
different times in development. 

Transgenic Sheep 

Until recently, the transgenes introduced into sheep inserted randomly in the genome and often worked 
poorly. However, in July 2000, success at inserting a transgene into a specific gene locus was reported. 
The gene was the human gene for alphal-antitrypsin, and two of the animals expressed large quantities 
of the human protein in their milk. 

This is how it was done. 

Sheep fibroblasts ( connective tissue cells) growing in tissue culture were treated with a vector that 
contained these segments of DNA: 

1 . 2 regions homologous to the sheep COL1A1 gene. This gene encodes Type 1 collagen . (Its 
absence in humans causes the inherited disease osteogenesis imperfecta .) 

This locus was chosen because fibroblasts secrete large amounts of collagen and thus one would 
expect the gene to be easily accessible in the chromatin. 

2. A neomycin-resistance gene to aid in isolating those cells that successfully incorporated the 
vector. [ Link to techniq ue] 

3. The human gene encoding alphal -antitrypsin. 

Some people inherit two non- or poorly-functioning genes for this protein. Its resulting low level 
or absence produces the disease Alpha 1-Antitrypsin Deficiency (A1AD or Alphal). The main 
symptoms are damage to the lungs (and sometimes to the liver). 

4. Promoter sites from the beta-lactoglobulin gene. These promote hormone-driven gene expression 
in milk-producing cells. 

5. Binding sites for ribosomes for efficient translation of the mRNAs. 

Successfully-transformed cells were then 

• fused with enucleated sheep eggs [ Link to description of the method ] and 

• implanted in the uterus of a ewe (female sheep). 

• Several embryos survived until their birth, and two young lambs have now lived over a year. 

• When treated with hormones, these two lambs secreted milk containing large amounts of alphal- 
antitrypsin (650 ng/ml; 50 times higher than previous results using random insertion of the 
transgene). 



On June 18, 2003, the company doing this work abandoned it because of the great expense of building 
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Transgenic Chickens 

Chickens 

• grow faster than sheep and large numbers can be grown in close quarters; 

• synthesize several grams of protein in the "white" of their eggs. 

Two methods have succeeded in producing chickens carrying and expressing foreign genes. 

• Infecting embryos with a viral vector carrying 

o the human gene for a therapeutic protein 

o promoter sequences that will respond to the signals for making proteins (e.g. lysozyme) in 
egg white. 

• Transforming rooster sperm with a human gene and the appropriate promoters and checking for 
any transgenic offspring. 

Preliminary results from both methods indicate that it may be possible for chickens to produce as much 
as 0.1 g of human protein in each egg that they lay. 

Not only should this cost less than producing therapeutic proteins in culture vessels, but chickens will 
probably add the correct sugars to glycosylated proteins - something that E. coli cannot do. 

Transgenic Pigs 

Transgenic pigs have also been produced by fertilizing normal eggs with sperm cells that have 
incorporated foreign DNA. This procedure, called sperm-mediated gene transfer (SMGT) may someday 
be able to produce transgenic pigs that can serve as a source of transplanted organs for humans. [More] 
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Another disadvantage of printed textbooks is the inevitable delay between 



^SSjl^ Recommended by 



v REVIEWS 




SCIENTIFICAMER1CANXGM 



http://users.rcnxom/jkimball.ma.ultranet/BiologyPages/W/Welcome.html 



5/5/2004 



Kimball's Biology Pages 



Page 2 of 3 



the time that new advances in biology are reported and the time that they 
can become incorporated in a printed book (often several years). Material 
here can be updated promptly. 

So although some of this information has been drawn from the sixth 
edition of the authors text Biology published in 1994 by Wm. C. Brown, 
every effort has been made to adapt the material to the opportunities 
provided by an online text. 
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3b.Each index/glossary page also has a link ("Next Search") to the alphabet at the top of that page. 
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CHAPTER 2 EXPERIMENTAL SYSTEfs 



inbred strain whose progeny are homozygous at more 
than 98% of all loci. There are currently over 150 dif- 
ferent inbred strains of mice, which are designated by 
a series of letters and/or numbers (Table 2-1). Most of 
these strains are purchased by immunologists from such 
suppliers as Jackson Laboratory in Bar Harbor, Maine. 
Inbred strains have also been produced in rats, guinea 
pigs, hamsters, rabbits, and domestic fowl 

Since inbred animals are genetically identical (syn- 
geneic), they make it possible to study the immune re- 
sponse in the absence of variables that can be introduced 
by genetic differences among animals. Once inbred 
strains became available, immunologists could isolate 
lymphocyte subpopulations from one animal and inject 
them into another animal of the same strain. It was with 
this type of experimental system that immunologists 
were first able to show that lymphocytes from an anti- 
gen-primed animal could transfer immunity to an un- 
primed syngeneic recipient. 



Adoptive-Transfer Systems 

In some cases it is important to eliminate the immune 
responsiveness of the syngeneic host so that the re- 
sponse of only the transferred lymphocytes can be stud- 
ied in isolation. In adoptive-transfer experiments this is 
achieved by inactivating the immune cells of the syn- 
geneic recipient. Inactivation can be achieved by ex- 
posure to x-rays, to which lymphocytes have been 
shown to be extremely sensitive. Subjecting a mouse 
that will serve as host to sublethal doses of x-rays (650- 
750 rads) can kill 99.99% of its lymphocytes, after which 
the lymphocytes from the spleen of a syngeneic donor 
can be studied without interference. In some adoptive- 
transfer experiments higher x-ray levels are used (900- 
1000 rads) to eliminate the entire hematopoietic system. 
This is sometimes necessary if the recipient's hema- 
topoietic cells might influence the adoptive-transfer 
experiment. The x-irradiated mice will die unless re- 
constituted with bone marrow from a syngeneic donor. 
The ^ 

c^ts t6 study the development of ^m^ 
stem ; cells in 

transfer experiments have also facilitated the study of 
various populations of lymphocytes and of the cellular 
interactions required to generate an immune response. 
For example, it was through such experiments that im- 
munologists were first able to show that a T helper cell 
is necessary for B-cell activation in the humoral response. 



Cell-Culture Systems 

The complexity of the cellular interactions that gener- 
ate an immune response has led immunologists to rely 



heavily on various types of in vitro cell-culture system 
A variety of cells can be cultured including prima] 
lymphoid cells, cloned lymphoid cell lines, and hybr 
cells. 



Primary Lymphoid Cell Cultures 

Primary lymphoid cell cultures can be obtained by is* 
lating lymphocytes directly from blood or lymph or fro; 
various lymphoid organs by tissue dispersion. The lye 
phocytes can then be grown in a chemically define 
basal medium containing saline, sugars, amino acids, \ 
tamins, trace elements, and various other nutrients, i 
which various serum supplements are added. Be can* 
in vitro culture techniques require from 10- to 100-fa 
fewer lymphocytes than typical in vivo techniques, th< 
have enabled immunologists to assess the function 
properties of minor subpopulations of lymphocytes, 
was by means of cell-culture techniques, for exampl 
that immunologists were first able to define the fun 
tional differences between CD4 + T helper cells ar 
CD8 + T cytotoxic cells. 

Cell-culture techniques have also been used to idei 
tify various cytokines involved in the activation, growt 
and differentiation of various cells involved in the in 
mune response. Early experiments showed that med 
conditioned by the growth of various lymphocytes < 
antigen-presenting cells would support the growth < 
other lymphoid cells. Many of the individual cytokine 
that characterized various conditioned media have sul 
sequentiy been identified and purified, and in many cas< 
the genes encoding them have been cloned. The soluh 
growth factors elaborated by monocytes and macn 
phages are called monokines^ and the ones elaborate 
by lymphocytes are called lymphokines. These cyt< 
kines, which play a central role in the activation an 
regulation of the immune response, are discussed moi 
fully in Chapter 11. 

Cloned Lymphoid Cell Lines 

Primary lymphoid cell cultures comprise a heterog< 
neous group of cells which can be propagated only fc 
a limited time. This heterogeneity complicates inte 
pretation of experiments aimed at understanding th 
molecular and cellular mechanisms by which lymph< 
cytes generate an immune response. To avoid thes 
problems immunologists use cloned lymphoid cell line 
and hybrid cells. 

Normal mammalian cells generally have a finite lift 
span in culture; that is, after a number of populatio 
doublings characteristic of the species and cell type, th 
cells stop dividing. Tumor cells or normal cells tran: 
formed with chemical carcinogens or viruses, howeve 
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Antibodies to the hepatitis B e antigen (HBeAg) can be induced 
in HBeAg-transgenic mice by adoptive transfer of a specific T- 
helper 2 cell clone. 

Hultgren C, M ilich DR, SaUberg M. 

Division of Clinical Virology, Huddinge University Hospital, Sweden. 

Production of antibody to hepatitis B e antigen (HBeAg); i.e., anti-HBe 
antibody,) in HBeAg-transgenic mice is believed to be mediated by T-helper 
(Th2) cells. Injection of an HBeAg-specific Th2 clone into HBeAg-transgeni 
H-2k mice induced anti-HBe antibody production, confirming the function o: 
Th2 cells in this model system. 

PMID: 9302220 [PubMed - indexed for MEDLINE] 
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Comparative T cell receptor repertoire selection by antigen afte 
adoptive transfer: a glimpse at an antigen-specific preimmune 
repertoire. 

Attuil V, Bucher P, Rossi M, Mutin M, Maryanski JL. 

Institut National de la Sante et de la Recherche Medicale, Unit 503, Ecole 
Normale Superieure de Lyon, 69007 Lyon, France. 

The low frequency of precursor cells specific for any particular antigen (Ag) 
makes it difficult to characterize preimmune T cell receptor (TCR) repertoire 
and to understand repertoire selection during an immune response. We have 
undertaken a combined adoptive transfer single-cell PCR approach to probe 
the Ag-specific preimmune repertoires of individual mice. Our strategy was 1 
inject paired irradiated recipient mice with normal spleen cells prepared fron: 
individual donors and to compare the TCR repertoires subsequently selected 
during a CD8 response to a defined model Ag. We found that although some 
TCRs were shared, the TCR repertoires selected by mice receiving 
splenocytes from the same donor were not identical in terms of the TCRs 
selected and their relative frequencies. Our results together with computer 
simulations imply that individual mice express distinct Ag-specific 
preimmune TCR repertoires composed of expanded clones and that selection 
by Ag is a random process. 

PMID: 10900008 [PubMed - indexed for MEDLINE] 
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Tumor size at the time of adoptive transfer determines whether 
tumor rejection occurs. 

Cordaro TA, de Visser KE, Tirion FH, Graus YM, Haanen JB, Kioussis 
D, Kruisbeek AM, 

Division of Immunology, The Netherlands Cancer Institute, Amsterdam, The 
Netherlands. 

Here we investigate the minimal requirements for induction of an anti -tumor 
response in CD8 T cells in vivo. We compare the efficacy of adoptive transfe 
of CD8 T cells with a transgenic TCR specific for the main cytotoxic T 
lymphocyte epitope of the influenza virus nucleoprotein (NP) on the growth • 
NP-expressing EL4 tumors under different conditions. In a setting in which 
tumor rejection is solely dependent on tumor-specific CD8 T cells, small 
immunogenic tumors fail to induce a rejection response, despite the fact that 
they are not ignored: tumor-specific CD8 T cells are activated, differentiate 
into effector cells and infiltrate the tumor bed. Nevertheless, tumor rejection 
does not occur. In sharp contrast, the same immunogenic tumor, when 
growing as a large tumor mass, is rejected by transferred tumor-specific CD8 
T cells. The main features which distinguish the rejection response to a large 
tumor mass firom the response to a small tumor is that, in the latter case, 
activated CD8 T cells appear much later, and in much smaller numbers. 
Efficacy of adoptive transfer is thus dictated by the size of the tumor mass at 
the time of transfer. These findings predict that treatment of minimal residua 
disease with adoptive transfer will fail, unless vaccination is also provided at 
the time of transfer. 

PMID: 10820375 [PubMed - indexed for MEDLINE] 
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A study of the safety and survival of the adoptive transfer of 
genetically marked syngeneic lymphocytes in HIV-infected 
identical twins. 

Walker R, Blaese RM, Carter CS, Chang L, Klein H, Lane HC, Leitman 
SF, Mullen CA, Larson M. 

This phase I/II pilot project will evaluate the survival, tolerance, safety, and 
efficacy of infusions of activated, gene marked, syngeneic T lymphocytes 
obtained from HIV seronegative identical twins on the functional immune 
status of HIV infected twin recipients. T cells from each seronegative twin 
will be obtained by periodic apheresis, separated into CD4 and CD8 enrichec 
populations by monoclonal antibody affinity binding techniques, induced to 
polyclonal proliferation with anti-CD3 and rIL-2 stimulation, transduced wit! 
distinctive neoR retroviral vectors, and expanded 10-1,000 fold in numbers 
during approximately 2 weeks of culture. These marked T cell fractions will 
then be infused into the seropositive twins and the survival of the uniquely 
marked T cell populations will be monitored by vector-specific PCR, while 
the recipients 1 functional immune status is monitored by standard in vitro and 
in vivo testing protocols. A total of 3 cycles of treatment will be given at 
intervals of 6 weeks between infusions. 



Publication Types: 

• Clinical Trial 

• Clinical Trial, Phase I 

• Clinical Trial, Phase II 
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Cancer prevention by adoptive transfer of antigen 60-activated 
immunocompetent cells. 

Maes H, Cocito C. 

Laboratory of Microbiology and Molecular Genetics, Medical School, 
University of Louvain, Brussels, Belgium. 

The authors have already shown that A60, the thermostable macromolecular 
antigen complex of Mycobacterium bovis BCG, induced resistance to tumou 
challenge in several murine systems. In the present work, the authors provide 
evidence that activated macrophages played a major role, and cytolytic T 
lymphocytes a minor one, in both in vivo and in vitro A60-promoted cancer 
cell cytolysis. To identify the types of immunocompetent cells involved in th 
protective effect, macrophages and T lymphocytes from A60-primed mice 
donors were adoptively transferred to irradiated recipients prior to EMT 6 
tumour challenge. In some groups, A60-primed donors were survivors of 
previous tumour challenges. Transfer of T lymphocytes from the spleen or 
lymph-nodes of A60-immunized mice induced 80-90% protection against 
tumour challenge. Conversely, transferred macrophages, although 
cytolytically active, did not induce resistance to tumour implantation. 
Furthermore, adoptive transfer with T lymphocytes from A60-immunized an 
EMT 6 challenge-surviving donors induced 100% protection. It is concluded 
that stimulation of T lymphocytes by A60 is the key step which leads to 
activation of the immunocompetent cells involved in tumour rejection. 

PMID: 8602462 [PubMed - indexed for MEDLINE] 
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Adoptive transfer of autoimmune diabetes mellitus to athymic 
rats: synergy of CD4+ and CD8+ T cells and prevention by RT6 
T cells. 

Whalen BJ, Greiner DL, Mordes JP, Rossini AA. 

Department of Medicine, University of Massachusetts Medical School, 
Worcester 01655. 

We describe the induction and prevention of autoimmune insulin dependent 
diabetes mellitus (IDDM), and its pathological substrate, insulitis, in 
congenitally athymic nude rats following injections of major 
histocompatibility complex (MHC) compatible lymph node T cells. The cell* 
capable of adoptive transfer of autoimmunity were obtained from diabetes 
resistant (DR) BB rats that had been rendered hyperglycemic by in vivo 
depletion of the RT6+ regulatory T cell subset We first established that our 
adoptive transfer assay system is cell dose- and time dependent and therefore 
amenable to quantitative analysis. It was also observed that both CD4+ and 
CD8+ T cells are required for efficient transfer of autoimmunity. The data 
indicate that, as in the NOD mouse, a synergistic interaction between CD4+ 
and CD8+ T cells is important for beta cell destruction. Finally, we 
demonstrated that the admixture of equal numbers of lymph node T cells, 60* 
of which were RT6+, from intact, non-diabetic DR rats prevented the adoptn 
transfer of IDDM mediated by diabetogenic T cells from RT6-depleted DR- 
BB rats. We conclude that an equilibrium between autoreactive and regulatoi 
cells determines the expression of autoimmunity in the DR-BB rat and in the 
adoptive transfer of diabetes in quantitative analytical systems. 

PMID: 7888038 [PubMed - indexed for MEDLINE] 
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Adoptive transfer of the generalized lymphoproliferative disease 
(gld) syndrome in nude beige mice. 

Froidevaux S, Rosenblatt N, Loor F. 

Laboratoire d'immunologie, Universite Louis Pasteur, Strasbourg, France. 

C57BL/6 nude beige mice (B6 nubg) were used as recipients for the transfer 
of haematopoietic cells from either B6 wild as control mice, or systemic lupt 
erythematous B6 mice homozygous for the recessive generalized 
lymphadenopathy disease (gld) locus. Both gld and wild cell grafts prolonge< 
survival of the short-living B6 nubg recipients and restored some T-cell 
functions, as monitored by the presence of T-dependent Ig isotypes in the 
serum and responsiveness of spleen cells to a T-cell mitogen. Moreover, the 
[gld — nubg] chimeras but not the [wild — nubg] chimeras showed several 
similarities with gld control mice, particularly, a spleen and lymph node 
hyperplasia, elevated anti-single-stranded DNA antibody titres and a 
hyperglobulinaemia. This hyperglobulinaemia was however qualitatively 
different from the gld-type hyperglobulinaemia with an important contributic 
of the IgGl isotype; the lymph node hyperplasia was also less marked than ii 
B6 gld mice. 

PMID: 1592442 [PubMed - indexed for MEDLINE] 
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Adoptive transfer of human lymphoid cells to severely 
immunodeficient mice: models for normal human immune 
function, autoimmunity, lymphomagenesis, and AIDS. 

Mosier DE. 

Division of Immunology, Medical Biology Institute, La Jolla, California 
92037. 

Though the development of human-to-mouse xenotransplant models is in its 
infancy, astonishing progress has been made in a short period of time. Two 
experimental applications have been developed: short-term transfer of humai 
lymphocytes to generate models for autoimmunity and infectious diseases, 
and long-term engraftment of tissues with self-renewal potential. Human 
PBL-SCID mice have been used by multiple laboratories to study normal anc 
autoimmune antibody responses, and have been shown to be readily infectab 
with HIV-1 . SCID mice grafted with fetal tissue have been developed for 
studies of HIV-1 infection and its therapy as well as for studies of human 
hematopoietic cell differentiation. Human tumors appear to grow better in 
SCID mice than in nude mice, and hu-PBL-SCID mice can develop EBV- 
related B cell lymphoproliferative disease that resembles the immunoblastic 
lymphomas appearing in immunosuppressed transplant recipients. There is 
some evidence of mouse NK cells responding to the human xenograft, and o1 
human T and B cells responding to mouse xenoantigens in these models, but 
these responses are not generally strong enough to have a major impact on 
human immune function. The use of these surrogate human models is 
expected to have a major impact on the understanding and treatment of huma 
disease. 

Publication Types: 

• Review 

♦ Review, Tutorial 
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Adoptive transfer of autoimmune diabetes and thyroiditis to 
athymic rats. 

McKeever U, Mordes JP, Greiner DL, Appel MC, Rozing J, Handler ES 
Rossini AA* 

Department of Medicine, University of Massachusetts Medical School, 
Worcester 01655. 

We describe the induction of autoimmune diabetes, insulitis, and thyroiditis i 
athymic rats following injections of major histocompatibility complex 
compatible spleen cells. Lymphocytes with these capabilities were found in 
normal rats of the YOS, WAG, PVG, and diabetes-resistant BB strains, and i 
diabetes-prone BB rats. Adoptive transfer was facilitated by prior in vivo 
depletion of RT6.1+ regulatory T cells and in vitro mitogen activation of 
donor spleen cells. By RT6 depleting diabetes-resistant donors and using nuc 
recipients, transfer of diabetes and thyroiditis was accomplished by using 
fresh, unstimulated spleen cells. The data suggest that organ-specific 
autoreactive cells may be present to various degrees but suppressed to a 
variable extent in many rat strains. The equilibrium between autoreactive anc 
regulatory cells appears to determine the expression of autoimmiinity. 



PMID: 2217193 [PubMed - indexed for MEDLINE] 
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Adoptive transfer of tumor cytotoxic macrophages generated in 
vitro from circulating blood monocytes: a new approach to 
cancer immunotherapy* 

Andreesen R, Scheibenbogen C, Brugger W, Krause S, Meerpohl HG, 
Leser HG, Engler H, Lohr GW. 

Medizinische Klink I, Albert-Ludwigs-Universitat Freiburg im Breisgau, We 
Germany. 

Cells of the macrophage lineage are considered to be of special importance ii 
the defense of the host against tumor development and spread. 
Immunotherapeutic strategies to stimulate macrophage (MAC) tumor 
cytotoxicity make use of activating compounds such as gamma-interferon 
which are given systemically. However, there are several lines of evidence 
that in malignant disease the generation of cytotoxic effector MACs is 
impaired. Both defective cell maturation and loss of responsiveness to 
activation are described. Here, a first clinical phase I trial of adoptive 
immunotherapy in cancer patients using autologous MACs generated in vitro 
from blood monocytes (MOs) is reported. Mononuclear cells were isolated b 
cytapheresis and density centrifugation and cultured in hydrophobic Teflon 
bags for 7 days with 2% autologous serum and recombinant human gamma- 
interferon being present for the last 18 h. Cytotoxic MO-derived MACs were 
then purified by countercurrent elutriation and reinfiised into the patient. A 
total of 72 therapies have been performed with patients being treated i.v. (n = 
8) and i.p. (n = 7). In vitro generated MACs proved to be mature as judged b; 
the expression of maturation-associated surface molecules (MAX antigens, 
CD 16, CD51, CD71), were cytotoxic to U937 tumor cells, and were efficient 
secretory cells. Cell dose escalation was performed in the first patients 
beginning with 10(8) MACs to finally infuse the total number of cells 
recovered from one single cycle of isolation and culture. MAC yield varied 
from 1 to 17 x 10(8) representing 13-79% of MOs initially seeded. Adoptive 
MAc transfer was well tolerated. Side effects observed were low-grade fever 
(less than 38.5 degrees C), induction of the coagulation cascade, and 
abdominal discomfort after i.p. application. The procoagulant activity of MA 
autografts was cell dose dependent and demonstrated by detection of 
circulating fibrin monomers and thrombin-anti thrombin complexes. 
Biological responses observed included elevated serum neopterin levels and 
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the appearance of interleukin-6 in sera and ascitic fluids. Indication of a 
possible therapeutic effect was only observed in Lp.-treated patients and 
consisted of disappearance of malignant ascites in 2 of 7 patients. 

Publication Types: 
• Clinical Trial 
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Adoptive transfer of resistance to growth of an idiotype-secretin 
hybridoma by T cells from idiotypically suppressed mice. 

Kresina TF, Baine Y, Nisonoff A. 

A/J or CAF1 mice that are suppressed with respect to an idiotype, CRIA, 
associated with anti-Ar antibodies, and hyperimmunized develop high 
concentrations of idiotype-suppressor T cells. In this paper we show that sue] 
CAF1 mice are resistant to the growth of a CRIA-positive hybridoma that is 
lethal in normal or in immunized non-suppressed mice. No resistance was 
observed to the growth of a hybridoma secreting anti-Ar antibodies that lack 
CRIA. The state of resistance could be adoptively transferred to naive 
syngeneic recipients with spleen cells or T-enriched spleen cells from 
suppressed hyper-immunized mice; B-enriched cells were ineffective. 

PMID: 6600485 [PubMed - indexed for MEDLINE] 
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Recovery from experimental rabies by adoptive transfer of 
immune cells. 

Prabhakar BS, Fischman HR, Nathanson N* 

The transient, sublethal infection produced by intracerebral inoculation of the 
Flury high egg passage (HEP) strain of rabies virus into adult mice was 
converted into a lethal one (approx. 80 to 100% mortality) by administering 
150 mg/kg cyclophosphamide (CY) 2 days after infection. 
Immunosuppressed, infected animals showed no immunological response to 
rabies and died 15 to 20 days after infection. However, mortality was reduce< 
to 12% when suppressed mice were adoptively immunized, 4 days after 
infection, with an intravenous injection of 60 X 10(6) spleen cells from rabie 
immune syngeneic donors. The lymphocytes obtained early after donor 
immunization (4 to 1 1 days) reduced mortality, whereas those obtained late 
(16 to 32 days after immunization) were not effective. The ability of donor 
cells to protect animals corresponded very closely with donor cytotoxic T 
lymphocyte (CTL) activity. Within 4 days after immune cell transfer, serum 
neutralizing antibody and CTL levels in recipients were comparable to those 
found in virus-infected control animals. Immune donor cells were fractionate 
into thymus-derived (T-enriched) and bone marrow-derived (B-enriched) 
subsets. The T and B subsets reduced mortality to 32% and 34% respectively 
CTL and serum neutralizing antibody responses could be detected in these 
animals, although they appeared later than in mice treated with unfractionate* 
immune spleen cells. The present study demonstrates that both B and T 
lymphocytes are required for optimum clearance of rabies from the central 
nervous system (CNS) and suggests a functional role for rabies-specific CTL 
in vivo. 

PMID: 6975354 [PubMed - indexed for MEDLINE] 



Display \ Abstract 



HI Show: 



20 



I Sort 



Send to 



Text 



Write to the Help Desk 
NCBI | NLM | NIH 
Department of Health & Human Services 



http://www.ncbi.nlm.nih.gov/en^ 1/21/2004 



GENE TARGETING - INGENIOUS TARGETING LABS - knockouts, genetic, gene kn... Page 1 of 1 




Contact Us |^ Site Map 



inCtenious Targeting Laboratory, Inc. 



inGenious Targeting Laboratory specializes in 
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Tool provider In transgenesis: 
knock out mouse, knock-in mouse and transgenic mouse or rat 



Provide every scientist with solutions that optimise value of scientific results obtained from 
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uncertainly of transgenesis. 



I Service offer 



Tailor-made knock out mouse, 
knock-in mouse and transgenic 
mouse or rat 
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Proprietary models currently 
in development 



I a «* * December 2003, Bayer Hearth Care AG and genOway announce an 
agreement in the field of genetically modified mouse models 
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A provider in Transgenesis: knock out mouse, knock-in mouse and transgenic mouse 
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Service offer 



genOway provides its customers with a high quality service, exemplified by the following 

* Consultancy 

* Fully customized service 

* Flexibility 

* Clear-cut guaranties 

* Exclusive property of the model to the customer 

* Animal facility subcontracted to a professional breeder: Charles River Laboratoi 

* Complementary services 

Focusing its effort on the mouse and rat models, genOway has developed a compl 
technological solutions to overexpress (transgenic mouse, knock-in mouse,...) ar 
(constitutive knock out / knockout conditional knock out / knockout,...) genes. 

* The overexpression can be achieved by random integration of the gene in th« 
mouse and rat (transgenic mouse and rat), or by targeted insertion in a selected 
mouse or rat genome (knock-in). 

* The deletion of the gene occurs in all tissues in constitutive knock out (knockoui 
conditional knock out (knockout) models, the inactivation happens only in selected 
a certain time during the animal development 

Inactivation (knock out / knockout) of genes and targeted overexpression (knock- 
important strategies for animal models. These strategies are only available in the mouse 
genOway is currently developing a rat knock out / knock-in program . 



A provider in Transgenesis: knock out mouse, knock-in mouse 
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Service offer 



Ge 

Constitutive knock 

Gene deletion is based on the inactivation at the genetic level of a gene of interest . 
This can be achieved through random mutation (gene trap approach, chemical mutag< 
targeted insertion (homologous recombination). genOway has developed an offer base 
of a homologous recombination vector and embryonic stem cells. Homologous n 
provides the customer with the best adapted model and the lowest risk . All con 
laboratories including those that have heavily invested in random mutagenesis r 
solutions. 

The constitutive "knock ouf (knockout) approach has the following characteristics. 



Advantages 


Drawbacks 


Total inactivation of the gene in any cell 


Phenotypes can be complex since all or 
affected 



The constitutive "knock out" (knockout) model provides a broad overview of gene functio 

The offer genOway has developed can include the following steps, but the service is fie; 
limited to part of this offer and/or adapted to customer requirements) : 



Stepl: 


Subcloning and characterization of the locus of interest 


Step 2 : 


Knock out / knockout vector construction (targeting vector) 


Step 3 : 


Homologous recombination in Embryonic Stem cells (ES cell) 


Step 4: 


Blastocyst injection and chimera generation 


Step 5 : 


Breeding of F1 and F2 generation 



The development of the first cloned rat reported by genOway in Science (Qi et al. 200 
way for the development of knock out rat models and allows new opportunities for re* 
focused on rat models. This technology is not yet available as a service. On 
partnerships may be established. 



For more information, please e-mail us at info@genoway.com 
or visit our information request page 



A provider in Transgenesis: knock out mouse, knock-in mouse 
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The terms UltraVector, 
Ultra Vector System , 
UltraVector Frameworks, 
and NucteBank are each 
trademarks of Genomatix, 
Ltd. UltraVector Services is 
a service mark. The 
UltraVector System is 
patent-pending. 

© 2003 Genomatix, Ltd. All 
rights reserved. 



Need a knockout vector ? We specialize in constitutive and inducible knockout transgenes 



Genomatix is a global service provider of modular vectors for 
complex genomics applications. We use our patent-pending 
UltraVector™ System, coupled with our advanced Transgene 
Services, to provide our R&D customers a faster and more 
affordable way to acquire transgenes that will meet their 
application requirements. 



Application Requirements 

_1_ 




X 



Platform 



6ene Ur&t 
Sowing 




Modular Gene 
Assembly 




The rapidly growing complexity o; 
functional genomics demands a 
shift to modular vectors - in much 
the same way increasing 
complexity of computer 
applications forced a shift from 
monolithic software programming 
to modular, object-oriented 
strategies. " 

Thomas Reed, Ph.D. 
Chief Science Officer 
Genomatix, Ltd 



Transgene Applications 

Knockout targeting 
Codon-optimized expression 
Reporter constructs 
Tissue-specific gene expression 
Adenoviral shuttle vectors 
Probe templates 
Combinations of above 
Other specialized applications 



Key Benefits 

Improved accuracy for lower cost 
Faster production of transgenes 
Multiple gene units per transgene 
Rapid reuse with new gene units 
Higher success rates 
Stock vector frameworks 
NucleoBank™ storage/retrieval 



Detailed information on Genomatix technologies and services is available on the following pages: 



UltraVector™ System 


Transgene Services 


Ancillary Services 


UltraVector™ Technolooy 


Design & Assembly 


NucleoBank™ Storaae/Retrieval 


UltraVector™ FrameworKs 


Pricing Information 


Genotyping 


Ucensina Approach 




BAC Isolation 



Information Request Form: 

For more information please use our Information Request Form , or call us 
within the United States at 888-236-3029. International callers please use 513- 



.ttp://www.genomatixxom^ 
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info(gqenomatix.com (general info) 
science@genomatix.com (scientific info) 
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CTfckhereto download a 
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Rudolph" holiday card 
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trademarks of Genomatix, 
Ud. UttraVector Services is 
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HOME > TRANSGENE SERVICES > Design & Assembly 



Genomatix scientists and technicians are highly proficient at using our modular UltraVector System to 
rapidly design and assemble complex transgenes for life science researchers and bio-production 
companies across industry, academia and government. The extensive experience of our services team, 
combined with the unique advantages of our modular UltraVector System, allows Genomatix to offer a 
far more productive alternative to slower, more traditional methods of designing and building complex 
transgenes. 



O Knockout Targeting Vectors 

- Constitutive knockouts 

- Inducible knockouts 

- Tissue-specific inducible knockouts 



O Tissue-Specific Gene Expression 
O Reporter Constructs 
O Adenoviral Shuttle Vectors 
O Codon-Optimized Expression 



0 Mufti-Function Combinations 

- Knockouts with reporter constructs 

- Exon replacement knock-ins 

- Locus-specific multi-genic integration 




■: ; :xx->:-:-:¥: : :: ; :-:-!-:^ 



The Genomatix transgene design and assembly process consists of four distinct phases: 



1 - Analyze 


Genomatix scientists analyze the performance and appiication criteria to be 
encoded within the customer's desired transgene. 


2 - Design 


A Genomatix scientist takes the resulting analysis and designs an UltraVector 
transgene that will meet those criteria. 


3 - Assemble 


Genomatix technicians assemble the actual transgene using the selected 
UltraVector framework, modules and customer-specific genetic units. 


4 - Verify & Prep 


Genomatix technicians verify the encoded sequence integrity and prepare the 
transgene for delivery and storage. 



Please see our 2004 Price Schedule and Price Estimation Form . Please contact us at 888-236- 
3029 or info@genomatix.com if you need more information or assistance. 



u^://wvm.genomatkxom/design_assembly.htrn 
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Need a knockout vector ? We specialize in constitutive and inducible knockout transgenes 



Genomatix is a global service provider of modular vectors for 
complex genomics applications. We use our patent-pending 
Ultra Vector™ System , coupled with our advanced Transqene 
Services, to provide our R&D customers a faster and more 
affordable way to acquire transgenes that will meet their 
application requirements. 
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shift to modular vectors - in much 
the same way increasing 
complexity of computer 
applications forced a shift from 
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to modular, object-oriented 
strategies. " 

Thomas Reed, Ph.D. 
Chief Science Officer 
Genomatix, Ltd. 



Transgene Applications 
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LECTURE 

Pemphigus as a paradigm of autoimmunity and cell adhesion 

Masayuki Amagai 

Department of Dermatology, School of Medicine, Keio University, Tokyo, Japan 
(Received for publication on April 15, 2002) 

Abstract Pemphigus is a group of autoimmune blistering diseases of the skin and mucous membranes 
that are characterized histologically by intraepi dermal blisters due to the loss of cell-cell adhesion of 
keratinocytes and immunopathologically by the finding of pathogenic IgG autoantibodies directed 
against the cell surface of keratinocytes. Identification of the target antigens has redefined pemphigus 
as an autoimmune disease against desmosomal cadherin or desmoglein. The IgG autoantibody- 
mediated functional inhibition of desmoglein which plays an important role in the cell-cell adhesion of 
keratinocytes results in blister formation. Patients with pemphigus vulgaris and pemphigus foliaceus 
have IgG autoantibodies against desmoglein3 and desmogleinl, respectively. Even complex clinical 
variations of pemphigus vulgaris and foliaceus are now logically explained by the desmoglein com- 
pensation theory. As an extension of this theory, the exfoliative toxin produced by Staphylococcus 
aureus, which causes staphylococcal scalded skin syndrome and bullous impetigo, was found to specif- 
ically cleave desmogleinl and induce the identical histology to pemphigus foliaceus. Another recent 
innovation has been the development of an active disease mouse-model for pemphigus using auto- 
antigen knockout mice, in which self-tolerance of the defective gene product is not acquired. When 
splenocytes from desmoglein3 knockout mice are adoptively transferred into mice expressing desmo- 
glein3, anti-desmoglein3 IgG is stably produced in the recipient mice that develop the phenotype of 
pemphigus vulgaris. This model will be valuable not only for dissecting the cellular and molecular 
mechanisms in pathogenic antibody production but also for developing novel therapeutic strategies. 
(Keio J Med 51 (3): 133-139, September 2002) 

Key words: cadherin, autoantibody, mouse model, desmoglein 



Pemphigus as an Autoimmune Disease Against 
Desmosomal Cadherin 

The term pemphigus stems from the Greek pemphix 
meaning blister or bubble and describes a group of 
chronic blistering skin diseases in which autoantibodies 
are directed against the cell surface of keratinocytes, 
resulting in the loss of cell-cell adhesion of keratino- 
cytes through a process called acantholysis. 1 Pemphigus 
can be divided into three major forms; pemphigus vul- 
garis, pemphigus foliaceus, and paraneoplastic pemphi- 
gus (Table 1). 

In pemphigus vulgaris, essentially all patients have 
mucosal membrane erosions and more than half of 
them also have skin blisters and erosions. The blisters 
of pemphigus vulgaris develop in the deeper part of the 
epidermis, just above the basal cell layer. In pemphigus 



foliaceus, patients have only cutaneous involvement 
without mucosal lesions and the splits occur in the su- 
perficial part of the epidermis, mostly at the granular 
layer. Pemphigus vegetans is a vegetative variant of 
pemphigus vulgaris, and pemphigus erythematosus and 
fogo selvagem are localized and endemic variants of 
pemphigus erythematosus, respectively. Paraneoplastic 
pemphigus was more recently recognized as a disease 
distinct from the classic forms of pemphigus. 2 Patients 
with paraneoplastic pemphigus have a known or occult 
associated neoplasm, usually of lymphoid tissue. Painful 
severe oral and conjunctival erosions are a prominent 
feature of paraneoplastic pemphigus. 

The hallmark of pemphigus is the finding of IgG 
autoantibodies against the cell surface of keratinocytes. 3 
The pemphigus autoantibodies found in patients' sera 
play a primary pathogenic role in inducing the loss of 



Presented at the 2001 Keio Medical Science Prize Symposium, November 30, 2001. 

Reprint requests to: Dr. Masayuki Amagai, Department of Dermatology, School of Medicine, Keio University, 35 Shinanomachi, Shinjuku-ku, 
Tokyo 160-8582, Japan, e-mail: amagai@sc.itc.med.keio.ac.jp 
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Table 1 Target Autoanligens in Pemphigus 



Subtypes 


Antigens 


MW 


Pemphigus vulgaris 






Mucosal dominant type 


desmoglein3 


130 kD 


Mucocutaneous type 


desmoglein3 


130 kD 




desmogleinl 


160 kD 


Pemphigus foliaceus 


desmogleinl 


160 kD 


Paraneoplastic pemphigus 


desmoglein3 


130 kD 




desmogleinl 


160 kD 




plectin/HDl 


500 kD 




desmoplakinl 


250 kD 




desmoplakinll 


210 kD 




BPAG1 


230 kD 




envoplakin 


210 kD 




periplakin 


190 kD 




9 


170 kD 



* Pemphigus vegetans is a variant of pemphigus vulgaris. Pempigus 
erythematosus and Brazilian pemphigus (fogo selvagem) is a variant 
of pemphigus foliaceus. 



cell adhesion of keratinocytes with resultant blister 
formation. Immunochemical characterization of pem- 
phigus antigens by immunoprecipitation or immuno- 
blotting with extracts from cultured keratinocytes or 
epidermis has demonstrated that the pemphigus vulga- 
ris and foliaceus antigens are 130 kDa and 160 kDa 
transmembrane glycoproteins, respectively (Table l). 4 " 8 
Molecular cloning of cDNA encoding pemphigus anti- 
gens indicates that both these molecules are members 
of the cadherin supergene family. 9,10 Pemphigus folia- 
ceus and vulgaris antigens are termed desmogleinl 
(Dsgl) and desmoglein 3 (Dsg3), respectively. Thus, 
pemphigus was discovered to be an anti-cadherin auto- 
immune disease. The basic pathophysiology of pemphi- 
gus is that autoantibodies inhibit the adhesive function 
of desmogleins and lead to the loss of cell-cell adhesion 
of keratinocytes with resultant blister formation. 

Compelling evidence has accumulated that IgG 
autoantibodies against Dsgl and Dsg3 are pathogenic 
and play a primary role in inducing the blister forma- 
tion in pemphigus. IgG that is affinity-purified from 
pemphigus vulgaris sera on the extracellular domain of 
Dsg3 can cause suprabasilar acantholysis, the typical 
histologic finding of pemphigus vulgaris, when injected 
into neonatal mice. 11 Furthermore, when anti-Dsg3 
IgG is immunoadsorbed with the extracellular domains 
of Dsg3 from pemphigus vulgaris sera, those sera no 
longer have the pathogenic activity to cause blisters in 
neonatal mice. 12 Similarly, immunoadsorption of pem- 
phigus foliaceus sera with the extracellular domains of 
Dsgl eliminates the pathogenic activity of those sera 
and anti-Dsgl IgG bound on the column can cause su- 
perficial blisters in neonatal mice. 13 



Desmoglein Compensation Theory as an Explanation 
for Localization of Blisters 

The disruption of desmoglein-dependent cell adhe- 
sion by autoantibodies is the basic pathophysiology in 
blister formation of pemphigus, but the clinical spec- 
trum of pemphigus is more complex than this. Splits 
associated with pemphigus foliaceus occur in the su- 
perficial layer of the epidermis, while those of pemphi- 
gus vulgaris occur deep in the epidermis. Oral erosions 
are developed in patients with pemphigus vulgaris, but 
not in patients with pemphigus foliaceus. Some patients 
with pemphigus vulgaris have only oral involvement, 
but others have extensive lesions on both skin and mu- 
cous membranes. These complex clinical features of 
pemphigus are explained logically by the desmoglein 
compensation theory: Le. Dsgl and Dsg3 compensates 
for their adhesive function when they are coexpressed 
in the same cell (Fig. I). 14-16 

When pemphigus vulgaris is divided into two sub- 
groups, the mucosal dominant type which is de- 
monstrated by mucosal lesions with minimal skin 
involvement and the mucocutaneous type which is 
demonstrated by extensive skin blisters and erosions 
in addition to mucosal involvement, each subtype of 
pemphigus has its own anti-desmoglein antibody profile 
(Table 1). Patients with pemphigus foliaceus have only 
anti-Dsgl IgG autoantibodies. Patients with the 
mucosal dominant type of pemphigus vulgaris have 
only anti-Dsg3 IgG autoantibodies, while the mucocu- 
taneous type of pemphigus vulgaris has both anti-Dsg3 
and anti-Dsgl IgG autoantibodies. 17 The intraepithelial 
expression pattern of Dsgl and Dsg3 are different be- 
tween skin and the mucous membranes. In the skin, 
Dsgl is expressed throughout the epidermis, but more 
intensely in the superficial layers, while Dsg3 is 
expressed in the lower part of the epidermis, mainly 
in the basal and parabasal layers. 18 In contrast, in 
the mucous membranes, Dsgl and Dsg3 are expressed 
throughout the squamous mucosal epithelia, but Dsgl is 
expressed at a much lower level than Dsg3. 14 

When sera contain only anti-Dsgl IgG which inter- 
feres with the function of Dsgl, those sera cause blisters 
only in the superficial epidermis because that is the only 
area in which Dsgl is present without coexpression of 
Dsg3 (Fig. 1A). In the unaffected deep epidermis, the 
presence of Dsg3 compensates for the loss of func- 
tion of Dsgl. Although the anti-Dsgl IgG binds to the 
mucosa, no blisters are formed because of the co- 
expression of Dsg3. Thus, sera containing only anti- 
Dsgl IgG cause superficial blisters in the skin without 
mucosal involvement as seen in patients with pemphi- 
gus foliaceus. When sera contain only anti-Dsg3 IgG, 
those sera do not effectively cause blisters in the 
skin because the co-expressed Dsgl compensates for 
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A. Pemphigus foliaceus 



Dsg1 




Dsg3 

Superficial skin blisters 
B. Mucosal dominant pemphigus vulgaris 



Dsg3 

No mucosal lesion 




• anti-Dsg3 IgG 




No or limited skin lesion 
C. Mucocutaneous pemphigus vulgaris 



'o 0 o 

Mucosal erosions 




o°o 11 

Deep skin blisters 
Skin 



anti-Dsgi IgG 



anti-Dsg3 IgG 




: mmm j O o 

Mucosal erosions 
Mucous membrane 



Fig. 1 Explanation of the sites of blisters in pemphigus by the desmoglein compensation theory. The triangles represent the distribution of 
desmogleinl (Dsgl) and desmoglein3 (Dsg3) in the skin and mucous membranes. Pemphigus foliaceus sera contain only anti-Dsgi IgG and 
cause superficial blisters in the skin because Dsg3 functionally compensates for the impaired Dsgl in the lower part of the epidermis, while 
these sera do not cause blisters in the mucous membrane because cell : cell adhesion is mainly mediated by Dsg3 (A). Sera containing only anti- 
Dsg3 IgG cause no or only limited blisters in the skin because Dsgl compensates for the loss of the Dsg3 -mediated adhesion, whereas those sera 
induce separation in the mucous membrane where the low expression of Dsgl will not compensate for the loss of the Dsg3-mediated adhesion 
(B). When sera contain both anti-Dsgi and anti-Dsg3 IgG, the function of both Dsgs are compromised and blisters occur both in the skin and 
mucous membranes (C). 



the impaired function of Dsg3, resulting in no or only 
limited skin blisters (Fig. IB). In contrast, in mucous 
membranes, Dsgl cannot compensate for the impaired 
Dsg3 function because of its low expression. Therefore, 
sera containing only anti-Dsg3 IgG cause oral erosions 
without apparent skin involvement as seen in patients 
with the mucosal dominant type of pemphigus vulgaris. 
When sera contain both anti-Dsgi and anti-Dsg3 IgG, 
they interfere with the function of both Dsgl and Dsg3, 
resulting in extensive blisters and erosions in the skin as 
well as the mucous membranes, as seen in patients with 
the mucocutaneous type of pemphigus vulgaris (Fig. 
1C). It is not clear why splits occur just above the basal 
layer instead of the whole keratinocyte falling apart, it 
is however speculated that the cell-cell adhesion be- 
tween the basal and parabasal layers might be weaker 
than the other parts of the epidermis because there are 



fewer desmosomes. In addition, the lower part of the 
epidermis might offer better access for autoantibodies 
penetrating from the dermis. 

In pregnant women with pemphigus, autoantibodies 
cross the placenta and bind to the fetal epidermis. 
Neonates develop blisters from mothers with pem- 
phigus vulgaris, but very rarely from mothers with 
pemphigus foliaceus. The reason for this paradoxical 
observation is also explained by the desmoglein com- 
pensation theory. 19 The distribution of Dsg3 in the 
neonatal epidermis is unlike that in the adult epidermis 
and is found on the surface of keratinocytes throughout 
the epidermis, which is more like the distribution in 
mucous membranes because the neonatal skin was in 
amnio. Therefore, pemphigus foliaceus sera containing 
only anti-Dsgi IgG cannot induce blisters in neonatal 
skin. 
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Staphylococcus Aureus Exfoliative Toxin Directly 
Digests Desmogleinl in SSSS And Bullous Impetigo 

Staphylococcal scalded skin syndrome (SSSS) is a 
generalized, confluent, superficially exfoliative disease 
that is caused by the exfoliative toxin (ET, also known 
as epidermolytic toxin, epidermolysin, and exfoliatin) 
of Staphylococcus aureus. The splits occur in the super- 
ficial epidermis, at the level of the granular layer. ET 
has two major serotypes: A and B (ETA and ETB, 
respectively). In SSSS, 5. aureus is present at a distant 
focus, such as the pharynx, nose, ear, or conjunctiva, 
and ET produced by 5. aureus enters the circulation 
and causes exfoliation at remote sites, while in bullous 
impetigo, a localized form of SSSS, S. aureus is present 
in the lesions. In 1970, Melish and Glasgow identified 
the toxin responsible by injecting newborn mice with 
broth cultures of 5. aureus isolated from patients with 
SSSS, resulting in blister formation. 20 However, its 
mode of action in vivo remained an unanswered ques- 
tion for more than three decades. 

One day, we realized that SSSS and pemphigus 
foliaceus share many similar features. Both diseases 
involve only the skin, and not mucous membranes or 
other tissues. The histology of both diseases shows 
superficial epidermal separation where Dsg3 is not co- 
expressed. Pathology textbooks actually say that the 
histology of both diseases is indistinguishable. When 
IgG from PF is injected into neonatal mice, the mice 
develop blisters. When ET is injected into neonatal 
mice, the mice also develop blisters. The histology in 
both mice is essentially identical. These similarities 
caused us to consider whether the molecular mecha- 
nism of blister formation in SSSS was actually similar 
to that in PF, and we started to investigate the fate of 
Dsgl after ET treatment. 21 

We first stained Dsgl and Dsg3 in mouse skin one 
hour after injecting ETA into neonatal mice. ETA 
caused substantial changes in Dsgl staining, which was 
much less intense on keratinocyte cell surfaces, while 
there was no apparent change in Dsg3 staining. We 
next examined whether Dsgl is degraded after ETA 
treatment. We performed an immunoblot analysis for 
Dsgl, Dsg3, and E-cadherin on extracts of skin from 
the mice that developed blisters. The 160-kDa Dsgl 
was degraded into a peptide of approximately 113 kDa, 
while there was no degradation of Dsg3 or E-cadherin. 
To demonstrate direct proteolysis of the extracellular 
domain of Dsgl by ETA, we incubated a soluble 
recombinant form of the extracellular domains of 
Dsgl and Dsg3 with ETA in vitro (Fig. 2). ETA cleaved 
the recombinant mouse and human Dsgl in a dose- 
dependent fashion, while ETA did not cleave Dsg3 at 
all. Combined, these findings indicate that ETA specifi- 
cally recognizes and cleaves the extracellular domain of 



Dsgl Dsg3 
ET: ~+ ~ + - 




Fig. 2 In vitro digestion of the recombinant extracellular domains 
of human Dsgl by exfoliative toxin. Dsgl and Dsg3 extracellular 
domains produced in baculovirus were incubated with or without 
exfoliative toxin A (ET) and subjected to immunoblotting to visualize 
Dsgl and Dsg3. The toxin cleaved the extracellular domain of Dsgl, 
but not that of Dsg3. The arrowhead and arrow indicate intact 
recombinant Dsgl and the cleaved product, respectively. 



both mouse and human Dsgl. Subsequently, we also 
demonstrated that ETB, another major serotype of 
ET, specifically cleaved Dsgl in a manner identical to 
ETA. 22 

These findings provide an important framework to 
understand the molecular mechanism of blister forma- 
tion in these diseases, as well as cell-to-cell adhesion of 
keratinocytes in the epidermis. By bringing dermato- 
logicai tools to bear on our observations we were thus 
able to clarify of the molecular mechanism of an exfo- 
liative toxin, which had remained unsolved for three 
decades after its identification. 

A Novel Autoimmune Mouse Model Using the 
Autoantigen Knockout Mouse 

To investigate the pathophysiological mechanisms 
and to develop therapeutic strategies, animal disease 
models have been playing important roles in the study 
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A. Conventional approach 




wild type 



B. Novel approach using autoantigen knockout mouse 




Autoantigen"'" mouse Autoantigen 4 ^ mouse 

(Rag2"^ immunodeficient mouse) 



Fig. 3 Methods to develop an active disease mouse models for 
autoimmune diseases. In the conventional approach (A), various 
strains of wild type mice are repeatedly immunized with various adju- 
vants to break their immunological tolerance. In a novel approach 
(B), splenocytes of autoantigen knockout mice which do not acquire 
tolerance against the defective gene product are adoptively trans- 
ferred to mice that express the autoantigen. 



of various conditions including autoimmune diseases. 
To examine the cellular mechanisms of autoantibody 
production in pemphigus, specimens from patients 
are naturally the best clinical material, but it is not 
easy to obtain sufficient amounts with proper controls. 
To overcome this problem an active disease model is 
required. The conventional approach to develop an 
autoimmune mouse model is forced immunization of 
autoantigens in various strains of mice (Fig. 3A). How- 
ever, this approach is empirical and immune responses 
are largely dependent on the strains of mice or types of 
adjuvant used. Furthermore, any autoimmune reaction 
in those mice may be transient, unlike that found in 
patients, and the immune system is systemically stimu- 
lated. 

The major difficulty in the development of an auto- 
immune reaction in mice is because of the self-tolerance 
factor inherent in homeostasis, which prevents the im- 
mune system from reacting destructively against self- 
components. When lymphocytes are exposed to self- 
components during the development of the immune 
system, auto-reacting lymphocytes are eliminated or 
inactivated. We have taken a novel approach to over- 
come this problem. Because self -tolerance is a technical 
barrier to the development of autoimmune mouse 
models we thought of generating a condition where 
self-tolerance is not established in an antigen-specific 
way. If it were possible to remove the antigen during 



the development of the immune system, or if were not 
present from the start, tolerance against the removed 
or absent molecule would not be acquired (Fig. 3B). 
In the autoantigen knockout mouse, lymphocytes are 
not exposed to the defective gene product, and self- 
tolerance against that particular autoantigen is not 
established. Upon immunization with the autoantigen, 
the autoantigen knockout mice should elicit an immune 
reaction against the autoantigen. However, in the im- 
munized knockout mice, the antigen-antibody reac- 
tion is not expected because the mice lack the target 
antigen. Therefore, lymphocytes from the immunized 
autoantigen knockout mice are adoptively transferred 
to wild type mice that express the autoantigen. The 
transferred lymphocytes from the autoantigen knock- 
out mice should be persistently stimulated by the endo- 
genous autoantigen in the recipient mice and should 
therefore produce antibodies against the autoantigen 
with resultant phenotypes of the human disease. 

Pemphigus Mouse Model with Persistent Pathogenic 
Antibody Production 

To develop an active disease mouse model for pem- 
phigus vulgaris, we took this novel approach of using 
autoantigen knockout mice, in the case of pemphi- 
gus vulgaris, Dsg3~/~ mice. 23 When we immunized 
Dsg3"/" mice with mouse recombinant Dsg3, anti-Dsg3 
IgG was indeed produced. These sera were able to bind 
to the cell surfaces of living cultured mouse keratino- 
cytes, indicating that the anti-Dsg3 IgG produced in 
Dsg3"/" mice is capable of binding to the native Dsg3 
on living keratinocytes. In contrast, sera from Dsg3 +/ " 
littermates or wild type mice failed to bind to the sur- 
face of living keratinocytes. These findings confirmed 
that Dsg3 -/ ~ mice and mice expressing Dsg3 have a 
clear difference in their ability to produce anti-Dsg3 
IgG that can bind to the native Dsg3. 24 

Despite the production of anti-Dsg3 IgG, no auto- 
immune reaction is expected in the immunized Dsg3~/~ 
mice because they lack the target antigen. To allow the 
anti-Dsg3 IgG to be exposed to the antigen, we isolated 
splenocytes from the immunized Dsg3~/~ mice and 
transferred them into Rag-2~/~ immunodeficient mice 
that do express Dsg3. Rag-2~/~ mice have no mature 
T or B cells due to the inability to rearrange T cell 
receptors or immunoglobulin genes and thus are unable 
to produce antibodies or reject the transferred spleno- 
cytes. Circulating anti-Dsg3 IgG was detected in the 
sera of recipient Rag-2~/~ mice as early as day 4 after 
the transfer of Dsg3~/~ splenocytes, and its titer in- 
creased rapidly without further boosting by recombi- 
nant Dsg3, and reached a plateau around day 21. The 
circulating anti-Dsg3 IgG was detected for as long as 6 
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Amagai M: Anti-cadherin autoimmune disease 





Fig. 4 Phenotype of active disease model mice for pemphigus vulgaris. Recipient mice with Dsg3~/~ splenocytes show in vivo mouse IgG de- 
position on keratinocyte cell surfaces (A) and suprabasilar acantholysis (B) just as in patients with pemphigus vulgaris. The recipient mice with 
Dsg3~/~ splenocytes (the lower mouse in C) are smaller than control mice with Dsg3 + '~ splenocytes (the upper mouse in C) because oral 
erosions inhibit food intake. Some recipient mice with Dsg3~/~ splenocytes show crusted erosions around the snout and cheeks, where mice 
normally scratch (D). 



months or more. No significant reactivity against Dsgl, 
another desmosomal cadherin targeted in pemphigus 
foliaceus, was observed in these recipient mice during 
this period. In contrast, no circulating anti-Dsg3 IgG 
was detected in Rag-2~/~ mice given Dsg3 + /~ spleno- 
cytes. The persistent anti-Dsg3 IgG production indi- 
cates that endogenous Dsg3 in the recipient mice 
stimulated the transferred Dsg3 -specific lymphocytes 
from the immunized Dsg3~^~ mice in vivo. 

In recipient mice with Dsg3~/~ splenocytes, in vivo 
IgG deposition was found on keratinocyte cell surfaces 
in stratified squamous epithelia, including the skin and 
oral and esophageal mucous membranes, just as seen in 
patients with pemphigus vulgaris (Fig. 4A). In these 
mice, no IgG deposition was found in other tissues, 
including heart, lung, liver, kidney, stomach, and small 
and large intestines. These IgG binding sites corre- 
spond to the known tissue distribution of Dsg3. Histo- 
logical examination of the recipient mice revealed an 
intraepithelial loss of cell-cell adhesion just above the 
basal layers, i.e., suprabasilar acantholysis, in the buccal 
mucosa, hard palate, oropharyngeal areas, and the up- 
per part of the esophagus, just as in human patients 
(Fig. 4B). These oral erosions likely inhibited food in- 
take, resulting in the weight loss (Fig. 4C). Some of the 
recipient mice developed crusted erosions on the skin 
around the snout, an area that is normally traumatized 
by scratching (Fig. 4D). Close histological examination 



revealed that the recipient mice with Dsg3~/~ spleno- 
cytes also exhibited eosinophilic spongiosis which is 
often found in patients with early lesions. 25 We also 
observed patchy hair loss in the recipient mice with 
Dsg3"/" splenocytes. This hair loss phenotype also 
persisted for over 6 months. Skin biopsy showed intense 
IgG deposition on the cell surface of keratinocytes 
surrounding the telogen hair club. Cleft formation was 
observed between the cells surrounding the telogen 
club and the basal layer of the outer root sheath epi- 
thelium. In contrast, no phenotypic or pathological 
changes were observed in recipient mice with Dsg3 + /~ 
splenocytes. These results indicate that the Rag-2~/~ 
recipient mice given immunized Dsg3~/~ splenocytes 
developed clinical, histologic and immunopathologic 
phenotypes similar to those of patients with pemphigus 
vulgaris. 24 

A major hurdle in developing animal models of 
autoimmune diseases has been overcoming the self- 
tolerance component of the homeostatic system. We 
circumvented this problem by immunizing autoantigen 
knockout mice with the autoantigen, then transferring 
their splenocytes to Rag-2"/ - mice that expressed the 
autoantigen. Although this model does not reflect the 
actual triggers of autoimmune diseases, it does provide 
a means to investigate the roles of T and B lymphocytes 
in perpetuating autoantibody production in the auto- 
immune response. 26 We are also attempting to isolate 
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a panel of monoclonal anti-Dsg3 IgG antibodies from 
pemphigus model mice, and investigate their patho- 
genic strength to clarify what factor(s) determines the 
severity of the disease. In addition, this active animal 
model should be beneficial for evaluating various ther- 
apeutic strategies that could modulate the autoimmune 
response. Finally, our approach is widely applicable to 
various antibody-mediated and T cell-mediated auto- 
immune diseases, unless the relevant autoantigen 
knockout mice are embryonicaly lethal or show gross 
abnormalities in their immune systems. 
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